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A B S T R A C T

Ammonia synthesis is a cornerstone of the chemical industry, but conventional methods rely on energy-intensive 
processes coupled to fossil fuels. Electrified, dynamically responsive ammonia synthesis that can rapidly adapt to 
fluctuating operating conditions, especially power input, is highly sought after to align with intermittent 
renewable energy sources such as solar or wind. Here, we demonstrate that a well-designed magnetic nano
catalyst – specifically, a Ba-promoted, Ru-decorated Co0.67Ni0.33-Al2O3 nanocomposite – provides localized 
heating at active sites. This enables rapid start-up (less than 10 min to achieve maximal ammonia productivity), a 
high synthesis rate exceeding 1500 mmol NH3 gRu

− 1 h− 1 at 350 ◦C and 5.5 MPa, and stable operation for at least 
120 h. Kinetic analysis combined with calorimetric measurements reveals that magnetic heating induces pro
nounced local overheating, with effective temperatures at the catalytically active sites exceeding the 
thermocouple-measured bed temperature by more than 100 ◦C. This significant local overheating provides a 
mechanistic explanation for the observed high reaction rates and rapid dynamic response. Density functional 
theory and microkinetic modelling show that Ba promotion lowers the nitrogen dissociation barrier at Ru–BaO 
interfaces, enhancing activity. Our results highlight the synergistic role of magnetic heating and the Ru–BaO 
interface in accelerating ammonia synthesis under mild conditions and establish a foundation for dynamic, 
sustainable catalysis powered by renewable electricity.

1. Introduction

Over the past decade, the impact of climate change has driven the 
transition from fossil fuels to renewable energy (RE) sources. Effective 
storage and transport are critical for RE adoption. Hydrogen is a 
promising energy vector to address the intermittency of solar and wind 
energy, but it requires cryogenic storage (− 253 ◦C, 0.1 MPa), has low 
volumetric energy density (8.49 kJ L− 1), and lacks well-developed 
storage and distribution infrastructure [1]. To overcome the required 
extreme conditions, hydrogen storage in a molecule such as ammonia is 
a promising alternative. Ammonia, as the hydrogen carrier, contains 
17.8 wt% of hydrogen. It can be stored and transported as a liquid at 
− 33 ◦C and 0.1 MPa, utilize existing infrastructure, and possess a higher 
volumetric energy density (12.92 kJ L− 1) than liquefied hydrogen [2,3].

As industrial ammonia production using the Haber-Bosch process is 
very energy-intensive, alternatives based on renewable energies - such 
as electrochemical, photochemical, and plasma-based processes - have 
been developed to improve the carbon footprint [4,5]. While these ap
proaches still face major challenges in terms of catalyst design, energy 
efficiency, and cost-effectiveness, the development of new materials and 
technologies promises their further development into environmentally 
friendly and viable alternatives [4,6–8]. Furthermore, these innovations 
open up opportunities for decentralised ammonia production.

One particularly innovative approach is magnetically heated catal
ysis, a non-contact heating technique in which magnetic nanoparticles 
are integrated into catalysts to generate localized heat via hysteresis 
losses when exposed to alternating magnetic field (AMF). Compared to 
external thermal heating, magnetic heating enables localized and rapid 
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energy delivery directly within the catalytic bed, thereby overcoming 
heat-transfer limitations and thermal inertia in the reactor. As a result, 
higher effective local temperatures, faster thermal response, and 
enhanced reaction rates can be achieved. Additionally, dynamic tem
perature control facilitates flexible operation, improved safety, simpli
fied reactor design, and potential reductions in operating costs [9,10]. 
However, there are still challenges, particularly in scaling up the process 
and developing robust materials that can both withstand the conditions 
and efficiently convert the magnetic energy into heat.

Magnetic nanoparticles based on iron oxide, such as magnetite 
(Fe₃O₄), are commonly used in magnetically heated catalysis due to their 
simple synthesis, made from inexpensive starting materials, and exhibit 
excellent heating efficiency [10–12]. Magnetite is particularly attractive 
for ammonia synthesis, as the conventional industrial catalyst is also 
iron-based [13]. However, under reducing conditions, magnetite can 
partially transform into paramagnetic wüstite (FeO) even at room 
temperature, leading to a significant loss of the magnetic properties 
essential for magnetically induced heating [14,15]. To overcome this 
limitation, Almind et al. [16] developed a cobalt–nickel-based catalyst 
that maintained stable magnetic properties during steam reforming of 
methane. The alloy nanoparticles exhibited high Curie temperatures of 
617 to 921 ◦C, highlighting their potential as effective susceptors for 
ammonia synthesis under magnetically heated conditions.

Motivated by recent advances in magnetically heated catalysis, we 
have developed and synthesised a completely new type of nano
composite catalyst - spherical nanoparticles made of a Co0.67Ni0.33 alloy, 
uniformly coated with γ-Al₂O₃ nanosheets, using a customised protocol 
that allows precise control of the nanoparticles-to-support ratio and can 
be easily adapted to other supports [17]. We further decorated this 
nanocomposite with Ru nanoparticles and promoted it with Ba to 
enhance activity. In this study, we demonstrate for the first time an 
electrified ammonia synthesis reaction by magnetic heating - a reaction 
pathway not previously realized. To enable this, we have also developed 
a custom reactor system specifically designed for magnetically drives 
catalysis, allowing fast “on”/“off” switching of NH₃ synthesis within 2 to 
3 min, simply by applying or removing an AMF. Furthermore, our 
theoretical calculations indicate that Ba promotion provides a syner
gistic enhancement of active Ru sites that extends beyond classical 
electrostatic interactions.

2. Materials and methods

2.1. Materials

Cobalt (II) Nitrate Hexahydrate, 98.0–102.0%, LOT: C24U002, Alfa 
Aesar; Nickel (II) Nitrate Hexahydrate, ≥ 97.0%, LOT: MKCM2708, 
Sigma-Aldrich; Sodium Hydroxide – pellets, 98.96%, LOT: 1911325, 
Fisher Chemical; Sodium Hypochlorite, < 60 g of active chlorine per L, 
TKI Hrastnik; Aluminium Nitride, Grade C, H.C. Starck; Ruthenium (III) 
Chloride Hydrate, 99.98% trace metals basis, Sigma-Aldrich; Barium 
Nitrate, 99 + %, Chemlab.

2.2. Synthesis of the magnetic catalyst (Ba-Ru/CN-A)

2.2.1. The magnetic support (CN-A)
The magnetic support (CN-A) was synthesised according to our 

previously described procedure [17]. Briefly, the synthesis was per
formed in the following steps: Aqueous solutions of Co2+ and Ni2+ were 
co-precipitated to achieve a composition of 67 wt% Co / 33 wt% Ni. The 
resulting hydroxide precipitate was immediately coated in situ with 
boehmite (AlOOH) nanosheets by controlled AlN hydrolysis [18]. The 
wet composite was freeze-dried and then reduced under a continuous 
stream of H₂ at 850 ◦C for 1 h. During this treatment, the CoNi hy
droxides transform into Co₀.₆₇Ni₀.₃₃ alloy nanoparticles and the AlOOH 
shell dehydrates to γ-Al₂O₃, resulting in a 50:50 (w/w) CoNi / Al₂O₃ 
nanocomposite (CN-A).

2.2.2. Deposition of Ru nanoparticles (Ru/CN-A)
Prior to deposition, CN-A was repeatedly washed to remove residual 

chlorides and then redispersed in water (10 mg mL− 1). With vigorous 
stirring, a Ru3+ stock solution and 1 M NaOH were added alternately to 
maintain a pH of 9 so that nominally 1 wt% Ru was deposited on the 
support. The solid was freeze-dried and reduced at 500 ◦C for 2 h to 
obtain Ru/CN-A.

2.2.3. Barium promotion (Ba-Ru/CN-A)
A barium nitrate solution (3.4 mg mL-1) was added to 300 mg Ru/ 

CN-A and the mixture was sonicated for 20 min. After removal of the 
solvent by rotary evaporation, the powder was reduced at 500 ◦C for 1 h, 
yielding Ba-Ru/CN-A with a nominal Ba loading of 4.5 wt%.

2.3. Catalyst characterization

XRD: A PANalytical Empyrean diffractometer in Bragg-Brentano 
geometry (Cu Kα radiation) was used for the powder X-ray diffraction 
(XRD) analysis at room temperature. XRD patterns were recorded in the 
2θ range from 10◦ to 70◦, with a measurement step of 0.066◦ and a step 
time of 800 s (equivalent for point detector).

STEM: A transmission electron microscope (TEM) Jeol JEM 2010F 
operated at 200 kV and Cs-probe corrected scanning-transmission 
electron microscopes (STEM) Jeol ARM 200CF STEM operated at 80 
kV and Thermo Fisher Scientific Spectra 300 operated at 200 kV were 
used for the (micro)structural characterization. A suspension of sample 
powders was deposited on a copper-grid-supported lacy carbon foil and 
left to dry naturally at room temperature. During the STEM analysis, 
HAADF and BF detectors were used simultaneously at 68–180 and 
10–16 mrad collection semi-angles, respectively. The chemical compo
sition of the samples was analysed in the STEM using a Jeol Centurio 
EDXS system with a 100 mm2 SDD detector. The particle size distribu
tions are presented as equivalent diameters for at least 124 individual 
particles, such that the diameter of a circle having equal surface area to 
the imaged particle.

BET: The surface properties were determined from nitrogen 
adsorption/desorption isotherms measured for samples at liquid‑ni
trogen temperature using a Nova2000e (Quantachrome Instruments 
Version 11.05, Boynton Beach Florida) nitrogen-sorption analyser. Prior 
to the measurements the samples were degassed over night at 120 ◦C in a 
vacuum. The surface area was calculated using the Brunauer-Emmet- 
Teller (BET) equation with nitrogen-adsorption data in the P/P0 range 
between 0.005 and 0.3 (14-point analysis). The pore size and pore 
volumes were obtained using the Barrett–Joyner–Halenda (BJH) model 
from the desorption curve of the isotherms.

VSM: The room-temperature magnetization curves were measured 
with a Lakeshore Cryotronic Series 8600 VSM.

Calorimetric measurements and SAR values: Specific absorption rate 
(SAR) measurements were conducted in a hydrogen atmosphere under 
various temperatures and magnetic field conditions. The experimental 
setup, methodology, and data analysis are described in the ESI 
(Fig. S31–35, Table S6–7).

XPS: Spectra were collected using the PHI VersaProbe 3 AD (Phi, 
Chanhassen, US) using a monochromatic Al Kα X-ray source. For charge 
neutralisation, the charge of the sample was attenuated with two beams 
(electrons and ions). The peak shift caused by the neutralisation was 
corrected by shifting the peaks of the adventitious carbon species to 
284.8 eV. The survey spectra were measured at a transit energy of 224 
eV with a step of 0.8 eV, while the high-resolution spectra were 
measured at a transit energy of 27 eV and a step size of 0.05 eV. For the 
survey spectra, 2 sweeps were made, while for the high-resolution 
spectra, there were 25 sweeps performed. Spectral deconvolution was 
made using Kherve software.

NH3-TPD: Acidity of the magnetic catalysts was analysed using NH3 
temperature programmed desorption (NH3-TPD). Experiments were 
performed on a Microtrac Belcat II Chemisorption Analyser 
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(MicrotracBEL Corp., Osaka, Japan). The sample was positioned inside a 
quartz reactor and pre-treated in a flow of 5.05% H2/Ar at 500 ◦C for 1 h. 
After pre-treatment, it was cooled to 100 ◦C in Ar and saturated with 
9.87% NH3/He for 20 min. Weakly absorbed NH3 was removed in a flow 
of Ar for 30 min. The samples were heated to 500 ◦C at 10 ◦C min− 1 and 
NH3 desorption was a mass spectrometer (BelMass) following the 
characteristic m/z = 15 fragment. Acid sites were calculated based on 
known response of calibration gas mixtures.

CO-PA: The presence of metallic sites on the surface of catalysts was 
assessed using CO pulsed adsorption (CO-PA). The experiment was 
conducted on the chemisorption analyser mentioned above. The sample 
(approx. 50 mg) was positions inside a quartz reactor and pre-treated in 
a flow of 5.05% H2/Ar at 500 ◦C for 1 h. After cooling to − 10 ◦C in Ar, 
CO pulses were gradually increased until saturation. The total amount of 
adsorbed CO was determined by integrating the signal corresponding to 
the characteristic m/z = 28 fragment detected by the mass spectrometer.

2.4. Catalyst testing

Schematic illustration of reactor used for magnetically heated re
actions is presented in Fig. S1. An induction coil (Ultraflex HS-4W 
resonant circuit featuring 0.66 μF capacitors coupled with a 9-turn 
flat-wound copper tube, 17-mm inner diameter, 29-mm outer diam
eter, 56-mm height operating at a constant 234 kHz) powered by the 
corresponding SHT-2/400 power supply was positioned around a fixed- 
bed quartz reactor tube (6-mm inner diameter, 360-mm length). For 
safety reasons, the quartz reactor tube was mounted within a stainless- 
steel pressure housing and enclosed in a protective containment box 
to mitigate risks associated with high-pressure operation. The magnetic 
field amplitude and frequency were measured by a custom-made probe 
assembly placed in the centre of the induction coil. An N-type thermo
couple was inserted approximately into the middle of the material by 
height. The temperature of the catalyst bed (T_bed) was continuously 
monitored using a Tenma thermometer and the induction heater's power 
adjusted accordingly to maintain the desired temperature. The tem
peratures measured by the N-type thermocouple itself at different 
magnetic field strengths are presented in Fig. S2. A recirculating cooler 
from Julabo (FL1701) was used to circulate chilled water through the 
copper coil.

2.4.1. Ammonia synthesis experiments using magnetic heating

2.4.1.1. Steady-state operation at a constant thermocouple-measured bed 
temperature. The catalytic experiments were performed in a custom 
designed fixed-bed reactor compatible with magnetic heating. About 
150 mg of material was fixed in a quartz tube between quartz wool 
plugs. The material was pre-treated in a flow of hydrogen (20 mL min− 1) 
at 400 ◦C for 1 h (corresponding to approx. 25 mT) to ensure complete 
reduction of the material. The ammonia synthesis reaction was per
formed at 3 and 5.5 MPa, and in the temperature range between 250 and 
600 ◦C. The ratio of reactants H2:N2 was 2. The gasses were introduced 
into the reactor with mass flow controllers (BROOKS SLA5850) from 
cylinders with pure nitrogen and hydrogen gas (Messer, 5.0). The total 
gas flow was fixed at 60 mL min- 1 (WHSV: 24000 mL g− 1 h− 1) confirmed 
with mass a flow meter (ADM Flow Meter, Agilent).

Under the selected conditions (5.5 MPa, H₂:N₂ = 2:1, total flow rate 
of 60 mL min-1, 150 mg catalyst), stability tests were performed at 
600 ◦C for Ru/CN-A and at 400 ◦C for Ba-Ru/CN-A. The stability test for 
Ru/CN-A lasted 90 h, while the test for Ba-Ru/CN-A was carried out for 
120 h.

2.4.1.2. Dynamic conditions. Under the selected conditions (5.5 MPa, 
H₂:N₂ = 2:1, 60 mL min− 1, 150 mg catalyst), dynamic experiments were 
carried out at 600 ◦C for Ru/CN-A and at 400 ◦C for Ba-Ru/CN-A. In the 
dynamic experiments, the alternating magnetic field (AMF) was 

switched on and off periodically, which led to heating and cooling of the 
reaction mixture. The switch-on and switch-off intervals were deter
mined on the basis of reaching a steady state. The reproducibility was 
checked by several consecutive cycles.

2.4.2. Ammonia decomposition experiments using magnetic heating

2.4.2.1. Steady-state operation at a constant thermocouple-measured bed 
temperature (T_bed). Ammonia decomposition was conducted in the 
same reactor and with the same catalyst as the one we used for ammonia 
synthesis. Briefly, approximately 150 mg of Ba-Ru/CN-A, fixed within 
the quartz reactor, was pre-reduced at 400 ◦C for 1 h under a flow of H₂ 
at 30 mL min− 1 to remove potential oxide species. The decomposition of 
pure NH₃ (Messer, ≥ 99.5%) at a flow rate of 66 mL min− 1, (confirmed 
with a glass bubble flow meter) was carried out from 500 ◦C down to 
230 ◦C.

The stability test for the Ba-Ru/CN-A was carried out at 425 ◦C. The 
NH₃ flow rate through the reactor was maintained at 18 mL min-1, and 
the gas downstream was diluted with He at a flow rate of 48 mL min-1. 
The stability test for Ba-Ru/CN-A lasted 120 h.

2.4.2.2. Dynamic conditions. The dynamic experiment for Ba-Ru/CN-A 
(150 mg) was conducted at 400 ◦C. The NH₃ flow rate through the 
reactor was 18 mL min− 1, and the outlet stream was diluted with He at 
48 mL min− 1. In the dynamic test, the AMF was switched on and off at 
regular intervals, resulting in heating and cooling of the reaction 
mixture. The duration of each switch-on and switch-off cycle was 
determined on the basis of reaching a steady state. Repeatability was 
confirmed by multiple consecutive cycles.

2.4.3. Experiments using external thermal heating
Both the ammonia synthesis and the cracking were also carried out 

under external thermal heating conditions, referring to laboratory-scale 
heating provided by an external furnace or cartridge heater, as opposed 
to industrial adiabatic reactor operation. The same reactor setup was 
used, with the copper coil being replaced by a custom-designed reactor 
heated by heating cartridges in an aluminium block.

2.5. Product analysis

The concentration of effluents was analysed by an on-line gas chro
matography (Inficon Micro GC Fusion Gas Analyser) by the separation 
on PLOT (Rt-Q-BOND) and Rt-MolSieve 5 A (MS5A) columns and 
quantified by a TCD detector. The concentration of effluents in the dy
namic experiments was monitored using a portable mass spectrometer 
(QMS200 Standford Research Systems), monitoring the signal for H2 (2), 
NH3 (16), NH3 (17), H2O (18), N2 (28) and O2 (32). After testing, the 
spent catalyst was cooled in a nitrogen flow and stored under argon for 
further analysis.

2.6. Ab initio calculations

First principles calculations were performed at the density functional 
theory level in the plane-wave approach, as implemented in VASP 
[19–21]. To describe electronic interactions, the Perdew-Burke- 
Ernzerhof (PBE) functional was used [22,23], which exhibits a good 
compromise between the computational cost and accuracy, especially 
for metallic systems. An energy cut-off of 400 eV sufficed for well 
converged results, while a Gaussian smearing of 0.05 eV was employed 
for easier convergence. A Γ-centred K-point mesh of 3x3x1 was used for 
slab calculations and a Γ point sampling for isolated species. To 
compensate for a poor description of the dispersion interactions, the 
Grimme D3 correction was used [24]. For slab calculations, the dipole 
correction in the z direction was turned on, while for vacuum calculation 
the correction was applied in all directions [25]. Geometry relaxation of 
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the structures was deemed complete when the individual forces on 
atoms dropped below 0.01 eV/Å. The transition states were identified 
using the dimer method [26,27] and confirmed with the vibrational 
analysis to contain one imaginary frequency.

The system of active ruthenium with barium doping was modelled, 
as described by Baik et al. [28], and geometrically reoptimized with the 
parameters used in our work. The model incorporates a Ru13 cluster, 
deposited in the lowest-energy position on a 2 × 2 supercell of BaO with 
4 layers. The bottom two layers are frozen in their bulk positions. To 
ascertain the effect of the support and decouple it from the geometry 
effect, the same geometry of Ru13 was used as an isolated cluster, as well. 
When the effect of the electronic charge was probed, the compensating 
background charge (jellium) was spread around the cluster to ensure 
electroneutrality of the periodic cell.

Adsorption energy of N2 was calculated as 

Eads = EN2/cat − Ecat − EN2 (1) 

where EN2/cat is the energy of the system with adsorbed N2, Ecat is the 
energy of an empty catalyst surface and EN2 is the energy of an isolated 
molecule of N2. Analogously, the reaction energy is defined as 

ΔEr = EN+N/cat − EN2/cat (2) 

and the activation barrier as 

EA,LH = ETS − EN2/cat (3) 

where ETS is the energy of transition state for N2 dissociation. In this 
case, the Langmuir-Hinshelwood mechanism is assumed, i.e. N2 first 
adsorbing. Especially when the initial interaction is weak, the Eley- 
Rideal is also possible, where we have 

EA,ER = ETS − Ecat − EN2 (4) 

The two are connected, as follows 

EA,LH + Eads = EA,ER (5) 

2.7. Microkinetic modelling

The reaction rate and the total species consumption/generation were 
computed as shown below. 

rn = kforward

∏I

i=1
θi

Si,n,forward − kbackward

∏I

j=1
θj

Sj,n,backward (6) 

dθi

dt
= Ri =

∑N

n=1

(
− Si,n,forward + Si,n,backward

)
rn (7) 

We assume site balance: 

1 = θ* + θ# (8) 

rn represents the rate of the n-th reaction, while kforward and kreverse are 
the forward and reverse reaction rate constants, respectively. θi denotes 
the surface coverage of species i (dimensionless), and Si,n,forward and Si,n, 

reverse are the stoichiometric coefficients of species i in the forward and 
reverse reactions. I and N represent the number of species and reactions, 
respectively. * are RuBa sites for N2 activation and # are Ru sites for H2 
activation. For adsorption reactions following expression was used: 

rads = kforward piθg (9) 

where g represents free active sites (*,#). Desorption reactions are given 
in the same manner as other surface reactions. For the reactor transport 
model, two different models were compared: Ideally mixed continuous 
stirred-tank reactor (CSTR) and temperature distribution CSTR model. 
The overall mass balance equations for both reactor types are shown 
below (Eq. (10)). 

CSTR :
dCi

dt
=

vax.

L
(
Ci,inlet − Ci

)
+ cg ρcat

1 − ε
ε Ri (10) 

Here, t represents the time dimensions of the reactor while i denotes the 
species. vax is the superficial gas velocity in the axial (lengthwise) di
rection of the reactor, and L is the reactor length. Ci and Ci,inlet are the 
gas-phase and inlet concentrations of species i, respectively, while Ri is 
the sum of all reaction terms for species i. ϵ is the void fraction, assumed 
to be 0.4. Cg represents the concentration of active sites per mass of the 
catalyst and ρcat is bed density. The constants are given in following 
expression (Eq. (11)). 

k = ATne−
Ea
RT (11) 

The modelling was performed using Python using continuously 
stirred tank reactor model. The model was solved using solve ivp func
tion, by implementing LSODA solver including Jacobian. We upgraded 
initial CSTR model with temperature distribution factor, since it in
cludes the most important contribution to the description of this mag
netic heated reactor. Further information is given in ESI (including 
determination of apparent reaction orders, activation energies and 
coverages and temperature distribution incorporation, Table S1–5, 
Fig. S11–30).

3. Results and discussion

3.1. Catalyst characterization

Magnetic heating-assisted ammonia synthesis requires the develop
ment of an efficient magnetic catalyst. The magnetic catalyst support 
was synthesised in this study according to our previously established 
procedure [17]. It consists of ferromagnetic CoNi alloy nanoparticles 
embedded within an Al₂O₃ matrix (CN-A). In addition, ruthenium was 
deposited on the surface (Ru/CN-A) and further promoted with barium 
oxide (Ba-Ru/CN-A). The XRD pattern of the final nanocomposite Ba- 
Ru/CN-A (Fig. S3a) displays broad reflections characteristic of small 
tetragonal γ-Al₂O₃ crystallites alongside narrower peaks at d-spacings 
matching fcc CoNi alloy (a = 3.546 Å). STEM imaging (Fig. 1) revealed a 
hierarchical nanostructure of Ba-Ru/CN-A. The globular CoNi NPs with 
a size of 25.6 ± 8 nm were homogeneously covered with nanostructured 
shell of small-alumina crystallites (3–5 nm thick, several tens of nm 
wide). Individual, globular Ru NPs (2–7 nm in size) were scarcely 
distributed over the alumina surfaces (marked with red circles in 
Fig. 1b). In addition, bright dots are visible on the atomic-resolution 
HAADF images of thin alumina nanosheets that can be assigned to Ba 
promoters (EDS mapping, Fig. S4 and Fig. S5). Nitrogen adsorp
tion–desorption isotherms (Fig. S3b) classify CN-A as mesoporous (type 
IV) with 5–50 nm pores and a BET surface area of 110 m2 g− 1. The room- 
temperature magnetization curves of CN-A, Ru/CN-A and Ba-Ru/CN-A 
(Fig. 2a) confirmed soft ferromagnetic properties with a narrow hys
teresis loop. The reduction in saturation magnetization observed for the 
Ru- and Ru/BaO-functionalized samples can be partly attributed to the 
dilution effect caused by the deposition of non-magnetic phases onto the 
CoNi alloy. However, the observed decrease is greater than what would 
be expected from mass dilution alone, suggesting that partial oxidation 
of the CoNi nanoparticles during impregnation and air exposure leads to 
the formation of surface oxide layers, which further reduce the effective 
ferromagnetic volume. The Curie temperature exceeded 900 ◦C 
(Fig. S3c), underscoring the material's suitability for high-temperature 
magnetic heating applications. The total heating effect of the CN alloy 
nanoparticles was estimated using a custom calorimetric device coupled 
with an induction heater. The effects were determined as a function of 
the applied magnetic field, consequentially, the temperature of the 
sample. The total heating effect, produced by the alternating magnetic 
field, for the ensemble of magnetic nanoparticles was found to increase 
with the temperature of the sample from 3.0 W g− 1 at 100 ◦C up to 3.9 W 
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g− 1 at 450 ◦C at 26 mT (black dots in Fig. 2b, Fig. S32).
XPS was performed on fresh catalysts to determine the surface spe

cies present on the catalyst surface before the reaction. As already noted 
in our previous publication [17], the Ni and Co regions exhibit very 
complex structures where several oxide species cover a metallic core of 
the particles (Fig. S7 and S8). In the case of promotion with Ba, addi
tional complexity is introduced due to overlaps with the Co region. In all 
cases Ru analysis was impossible, as all the peaks overlap with other 
elements present in the material. Cleaning the surface with Ar+ was not 
performed, as this could affect the oxidation state of the surface bound 
species. The Ba 4d region exhibits a standard doublet expected from an 
oxidized Ba species (Fig. 3). The position of the first peak (89.6 eV) 
indicate that, most likely, Ba is present in the form of Ba(OH)2 [29], 
which is consistent with what one would expect with the synthesis 
technique employed.

Pulsed CO chemisorption (CO-PA) measurements were performed to 
quantify the accessible metallic sites on the catalyst surfaces (Table 1). 
The CN-A support adsorbed 83.3 μmol CO g− 1, indicating that a signif
icant portion of the Co and Ni sites remain accessible despite encapsu
lation by γ-Al₂O₃ nanosheets. After the deposition of Ru, the total CO 
uptake increased significantly. By subtracting the CO adsorption 
attributable to Co and Ni (as measured for CN-A), the Ru-specific CO 
uptake for Ru/CN-A was determined to be 43.3 μmol g− 1. X-ray fluo
rescence analysis (XRF) revealed a Ru content of 0.81 wt%, corre
sponding to 80.14 μmol of total Ru per gram of the catalyst. These values 
result in a Ru dispersion of 54%, which corresponds to an estimated 
average particle size of about 2.3 nm, assuming a spherical geometry 
and uniform distribution. The introduction of Ba as a promoter led to a 

decrease in the concentration of exposed metallic sites, indicating a 
partial coverage of the active sites by Ba species. This observation in
dicates that Ba is probably present in the Ba2+ oxidation state, which is 
consistent with its low ionization energy and high reactivity. Assuming 
equal relative coverage of CoNi and Ru sites, the estimated Ru surface 

Fig. 1. (a) BF and ((b) and (c)) HAADF STEM images of magnetic catalyst Ba-Ru/CN-A taken at increasing magnification.

Fig. 2. (a) Room-temperature magnetization curve of CN-A, Ru/CN-A and Ba-Ru/CN-A and (b) magnetic heating effect (SAR) of CN-A depending from temperature 
(T_bed) at various applied altering magnetic field (f = 234 kHz). All temperatures refer to thermocouple-measured catalyst bed temperatures (T_bed).

Fig. 3. High-resolution XPS spectra of the Ba 4d region for the Ba-Ru/CN-A 
catalyst. The spectrum shows the characteristic Ba 4d doublet, with the 4d₅/₂ 
component located at 89.6 eV and the 4d₃/₂ component at 92.1 eV, consistent 
with Ba in an oxidized surface environment.
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coverage by Ba is about 52%.
Temperature-programmed ammonia desorption (NH₃-TPD) was used 

to analyse the acidic properties of the catalysts, providing insights into 
both the strength and amount of the acidic sites. As shown in Fig. 4, the 
deconvoluted desorption profile shows two main NH₃ desorption peaks 
centered at around 200 ◦C and 274 ◦C. Although there are probably 
several adsorption sites, they can be roughly grouped into the two peaks 
mentioned above. After the deposition of Ru (Ru/CN-A), the proportion 
of high-temperature desorption sites increases significantly, shifting the 
area ratio between low and high-temperature peaks from ~50:50 to 
17:83. Subsequent promotion with barium (Ba-Ru/CN-A) brings this 
ratio back to almost one (Table 1), indicating a redistribution of acid 
sites.

Decoration with Ru increases the total volume of adsorbed NH₃ by a 
factor of 2.3 compared to bare CN-A. Subsequent Ba deposition reduces 
this value to a level comparable to CN-A, indicating partial coverage of 
Ru sites by Ba. Interestingly, the NH₃ desorption peak for Ba-Ru/CN-A 
remains centered near 200 ◦C but is slightly shifted to higher tempera
tures, suggesting a more dynamic balance between NH3 adsorption and 
desorption. According to the Sabatier principle, achieving this balance is 
crucial for optimal catalytic conversion. These results emphasize the 
synergistic effect of Ba promotion in modulating the ammonia adsorp
tion properties of Ru/CN-A, which contributes to the improved catalytic 
performance of Ba-Ru/CN-A, partly by attenuating stronger NH₃ binding 
(vide infra).

3.2. Catalytic experiments

Ruthenium is a well-established second-generation catalyst for 
ammonia synthesis, known for its ability to cleave the robust N–––N bond 
and facilitate nitrogen adsorption. Typically, Ru is supported on various 
materials [30,31] and often promoted with alkali or alkaline earth 
metals [32–34]. These promoters fulfill several functions: They can 
anchor Ru nanoparticles [35], suppress migration and agglomeration 
[33] and modulate the electronic and adsorptive properties of the active 

sites.
Given the susceptibility of the Co0.67Ni0.33-Al₂O₃ (CN-A) support to 

oxidation, all catalysts were pre-reduced in a hydrogen atmosphere at 
400 ◦C for 1 h prior to the catalytic tests. This treatment effectively 
restored the magnetic properties of the CoNi nanoparticles, as previ
ously demonstrated [17].

Preliminary pressure-dependent ammonia synthesis experiments 
were performed using the Ru/CN-A catalyst as a representative catalyst. 
Based on these results, ammonia synthesis experiments were conducted 
at pressures of 3.0 MPa and above, as lower pressures resulted in very 
low single-pass ammonia yields (<0.6%), limiting the relevance of the 
data for meaningful catalytic and process-oriented evaluation (see 
Fig. S9). All subsequent catalytic evaluations were therefore performed 
at 5.5 MPa. As shown in Fig. 5, the unmodified CN-A support exhibited 
measurable ammonia synthesis activity at elevated temperatures 
(>500 ◦C) and achieved a yield of approximately 0.7% (2 mmol NH3 
gcat
− 1 h− 1). This indicates that the surface-exposed Co and Ni sites are 

accessible to reactant gases. Deposition of less than 1 wt% Ru (Ru/CN-A) 
significantly improved the performance, increased the ammonia yield to 
over 1.2%, and lowering the temperature for peak activity by 50 ◦C. 
Further promotion with Ba (Ba–Ru/CN-A) did not noticeably increase 
the yield but shifted the temperature required for peak activity from 
550 ◦C to 350 ◦C. These trends are consistent with the NH₃-TPD analyses, 
where Ba promotion resulted in lower desorption temperatures 
compared to Ru/CN-A, indicating facilitated ammonia desorption 
(Fig. 4). At higher temperatures, a decrease in ammonia yield was 
observed for all catalysts (Fig. 5), while the yields remain well below the 
thermodynamic equilibrium values, reflecting an inherent kinetic–
thermodynamic trade-off that is more pronounced under magnetically 
heated operation. Although elevated effective temperatures enhance 
reaction kinetics, they simultaneously constrain equilibrium-limited 
single-pass yield. It should be noted that the temperatures reported 
here correspond to thermocouple-measured catalyst bed temperatures 
(T_bed) rather than the actual temperatures at the catalytically active 
sites.

Table 1 
Ammonia adsorption capacity, concentration of acidic sites, area ratio of low- to high-temperature NH₃ desorption peaks, and surface metallic site density (as 
determined by CO pulse adsorption) for CN-A, Ru/CN-A, and Ba-Ru/CN-A catalysts.

Sample Volume of NH3 Conc. of acidic sites Area ratio Conc. of metallic sites

[mL gcat
− 1] [μmol gcat

− 1] low/high T peak [μmol gcat
− 1]

CN-A 0.560 19.3 0.5/0.5 83.3
Ru/CN-A 1.298 52.5 0.2/0.8 126.6
Ba-Ru/CN-A 0.665 26.7 0.4/0.6 60.4

Fig. 4. Normalized NH3-TPD curves of the fresh catalysts (CN-A, Ru/CN-A and Ba-Ru/CN-A).
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To evaluate the long-term stability, experiments were carried out for 
at least 90 h (Fig. 6a-b). The ammonia synthesis rates remained largely 
stable, with a negligible decrease observed. For the Ru/CN-A catalyst, an 
intentional interruption of the AMF was performed for about 5 h to 
evaluate possible deactivation mechanisms such as surface restructuring 
or fouling. After reactivation of the magnetic field, the reaction rate and 
temperature quickly returned to their previous steady-state values, 
indicating robust catalyst stability under dynamic operating conditions. 
STEM analysis of spent catalyst Ba-Ru/CN-A revealed no discernible 
changes in the size or morphology of the Ru nanoparticles or distribution 
of barium species. In contrast, the CoNi alloy nanoparticles exhibited an 
average growth of about 5 nm (Fig. S6); however, they maintained 
efficient magnetic heating performance.

Building on these findings, dynamic catalytic experiments (Fig. 6c-f) 
demonstrated the system's responsiveness, which is particularly relevant 
for integration with intermittent renewable energy sources. In these 
experiments, the magnetic field was periodically switched on and off 
while maintaining a constant reactant flow. The duration of each cycle 
was defined by the time required for the catalyst to reach more than 99% 
of its maximum activity, followed by a corresponding field-off period. 
The Ru/CN-A catalyst reached steady-state operation in less than 20 
min, whereas the Ba–Ru/CN-A catalyst attained over 95% of its peak 
activity within only 10 min. These results demonstrate rapid and 
reversible activity modulation under magnetic heating. Although long- 
term cyclic (more than 10 cycles) operation was not investigated, sta
ble performance during 120 h of continuous operation suggests that the 
catalyst is stable. Overall, findings highlight the fast thermal response 
and operational flexibility enabled by magnetic heating, underscoring 
its potential for on-demand ammonia production in renewable energy- 
driven processes.

To further assess the versatility of the catalyst in electrification and 
industrial decarbonisation, similar experiments were conducted with 
the Ba–Ru/CN-A catalyst for the decomposition of pure ammonia 
(Fig. S10). The Ba-promoted catalyst converted over 95% at 450 ◦C, with 
this high conversion remaining stable for 120 h (Fig. S10(a)). Dynamic 
tests showed that the catalyst reach steady-state conversion even faster 
during ammonia decomposition than during synthesis, which can be 
attributed to the lower pressure conditions. In addition, the catalyst 
demonstrated excellent stability over multiple consecutive on-and-off 
cycles of ammonia decomposition.

3.3. Mechanistic insight into Barium promotion

Experimental findings clearly show that the ammonia synthesis rate 
significantly increased from 158 to 1430 mmol NH3 gRu

− 1 h− 1 at 400 ◦C 
when Ba was added to the Ru/CN-A catalyst (Fig. 5). Ba was added as a 

nitrate while the catalyst was heat treated where nitrate decomposes to 
BaO species (Fig. 3) [36].

To understand the role of BaO, density functional theory calculations 
were performed. The effect of barium support was described using the 
model proposed by Baik et al. [28], where a Ru13 cluster is deposited on 
a BaO(001) surface. The authors have shown a significant charge 
transfer from BaO to Ru upon the dissociative adsorption of H. Initially, 
H2 dissociates on Ru, resulting in an overall charge on the Ru–H cluster 
of − 0.708e0. Thermodynamically, it is more favourable for the proton to 
migrate to the O in BaO, which increases the excess negative charge on 
Ru to − 1.084e0. Similarly, the authors have shown that the adsorbed N2 
is strongly negatively charged on Ru (− 0.88e0).

However, the reaction rate is a kinetic phenomenon, determined by 
the barrier of the rate-determining step, which is known to be N2 
dissociation (Fig. 7a). Our calculations show that on Ru/BaO, the 
adsorption strength of N2 is 1.06 eV. The dissociation barrier is 1.21 eV, 
and the overall reaction energy is − 1.19 eV, rendering the reaction 
highly exothermic. Several sites on the cluster were tested, and the 
interface (see Fig. 7b) between Ru and BaO was seen to perform best (i. 
e., having the lowest activation barrier), as opposed to the top site on Ru 
(far away from BaO).

To understand the effect of Ru and BaO, these calculations were 
repeated on a Ru13 cluster of the same shape in a vacuum, revealing 
weaker adsorption (− 0.74 eV), a higher dissociation barrier (1.96 eV), 
and an overall endothermic reaction (+0.30 eV). However, an isolated 
Ru cluster is not charged as there is no support to draw the charge from. 
Artificially increasing the negative charge on Ru13 from 0.0 to − 1.0, as 
shown in Fig. 7b-d, led to an increase in the interaction strength with N2 
and a decrease in the barrier for its dissociation, as excess electron 
density is injected in the anti-bonding orbital of N2. The effect, however, 
is roughly an order of magnitude smaller than on Ru/BaO. For instance, 
q = − 1.0 decreases the barrier on Ru13 for merely 0.13 eV, while on Ru/ 
BaO it is 0.76 eV lower. Similarly, the increase in the adsorption strength 
and exothermicity is much lower on a negatively charged Ru13 than on 
Ru/BaO.

The synergistic effect of Ru and BaO extends beyond a simple elec
tron injection. Geometric effects can be ruled out since the Ru cluster 
was maintained in the same shape, and the reaction was observed on the 
same site. Instead, the increased reactivity is proposed to stem from the 
energetically favourable formation of Ru–BaO interfacial sites. This 
observation also explains why an optimal coverage [28] of Ba and Ru is 
necessary for maximum catalytic performance—the number of interface 
sites must be maximized.

Fig. 5. (a) Reaction rate and (b) NH3 yield as a function of catalyst bed temperature for CN-A, Ru/CN-A, and Ba-Ru/CN-A catalysts, measured under identical 
conditions (5.5 MPa, total gas flow of 60 mL min− 1, 234 kHz). All temperatures refer to thermocouple-measured catalyst bed temperatures (T_bed).
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3.4. Reaction kinetics description

Based on our DFT analysis, we have developed a microkinetic model 
that includes different active sites: Ba–Ru interfaces (denoted as “*”), 
which are responsible for N₂ dissociation and N–Hx association, and Ru 
sites (denoted as “#”), which facilitate H₂ activated adsorption. To 

validate this approach, we analysed the structure–activity relationships. 
Baik et al. [28] innovatively demonstrated that H₂ treatment of BaRu 
and CsRu catalysts decreases CO₂ adsorption, which is due to the pro
tonation of BaO and Cs₂O groups in contact with Ru, changing the ba
sicity of the surface. A linear correlation was observed between the NH₃ 
synthesis activity and the difference in CO₂ adsorption capacity (after H₂ 

Fig. 6. Reaction rate as a function of time for (a, c, e) Ru/CN-A and (b, d, f) Ba-Ru/CN-A catalysts under (a, b) stable and (c, d) dynamic conditions. Conditions: 5.5 
MPa, 60 mL min− 1 total flow, H₂:N₂ = 2:1. Experiments were conducted at the respective temperatures of maximum activity—580 ◦C (~25 mT) for Ru/CN-A and 
400 ◦C (~26 mT) for Ba-Ru/CN-A. Figures (c) and (d) show magnified views (0–75 min) of (a) and (b) to highlight steady-state behavior. All temperatures refer to 
thermocouple-measured catalyst bed temperatures (T_bed).
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Fig. 7. (a) Potential energy surface for N2 dissociation on a Ru13 cluster, as the overall charge on the cluster changes from 0.0 (black) to − 1.0 e0 (blue), and (b) 
activation energy, (c) reaction energy and (d) adsorption energy on the Ru13 cluster as a function of the overall charge on the cluster (blue line) and the values on the 
Ru/BaO structure.

Fig. 8. (a) Structure-activity relations of for NH3 synthesis rate, based on RuBa/RuCs intimate contact determined through CO2 TPD difference of unreduced and 
reduced sample [28]. (b) Optimized energy diagram based on DFT calculations for N2 activation on Ru-based surface.
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treatment compared to inert gas treatment), which serves as an indicator 
of active Ba–Ru interfaces (Fig. 8a).  

NH₃ synthesis activity increased with Ba coverage on Ru, peaking at 
between 10 and 30% (Fig. 9), followed by a gradual decrease at higher 
coverages. Three possible factors were considered: (1) decreased H₂ 
activation, (2) decreased number of active Ba–Ru sites, and (3) 
decreased intrinsic activity of these sites. Given the negligible activation 
energy for H₂ activation (~3 kJ mol− 1), the first factor is unlikely. As for 
the second factor, a uniform Ba distribution would indicate a maximum 
formation of the active sites at 50% coverage (Fig. S11), which was not 
observed. Moreover, such configurations are not thermally stable due to 
the immiscibility of Ba and Ru (Fig. 1 and Fig. S5.). A more plausible 
scenario is the overgrowth of BaO1-x(OH)ₓ from the base of the Ru 
nanoparticles, leading to suboptimal interface exposure at higher cov
erages (Fig. S11). This trend was the same for all Cs-promoted systems. 
In this case, a partial agreement was observed between Ba/Cs coverage 
over Ru and a number of active sites.

The third factor is supported by experimental measurements of the 
apparent activation energy through the Arrhenius relation: It decreases 
from 93 kJ mol− 1 (bare Ru) to 64 kJ mol− 1 at 13% Ba coverage and then 
increases to over 80 kJ mol− 1 at 50% coverage, although at 50% 
coverage the activity is much higher compared to unpromoted material 
(Fig. S11) relating to negligible pure Ru contribution to NH3 synthesis 
[28]. This indicates that highly dispersed BaO1-x(OH)ₓ or smaller clus
ters increase the activity, while larger crystalline clusters weaken the 
promoting effect. Therefore, the intrinsic activity of Ba–Ru sites de
creases at higher Ba coverages, limiting the model's applicability. 
Overall, based on these findings, we propose a straightforward approach 
to determine the active sites (based on Fig. 9):

If Ba coverage over Ru is below 20%: 

c* = cCO PA(Ru) − cCO PA(RuBa)(N2 activation sites) (13) 

c# = cCO PA(RuBa)(H2 activation sites) (14) 

If Ba coverage over Ru is above 20%: 

c* = cCO PA(Ru) × 0.2(N2 activation sites) (15) 

c# = cCO PA(RuBa)(H2 activation sites) (16) 

To develop a two-site microkinetic model, we used DFT-derived 
energy profiles for NH₃ synthesis and decomposition on Ru(0001) and 
fitted them to the experimental observations (Fig. 8b). Remarkably, the 
incorporation of Ba into Ru significantly reduced the NH₃ binding en
ergy - from about 160 kJ mol− 1 (determined by Redhead analysis) [37]
to below 80 kJ mol− 1, as evidenced by our NH₃-TPD measurements 
(Fig. 4). In agreement with previous findings of reduced CO adsorption, 
H₂ adsorption also decreased [28], with the addition of Ba. Assuming 
exclusive hydrogen adsorption on Ru, the desorption energy was 
calculated to be 113 kJ mol− 1, consistent with literature values (~125 
kJ mol− 1) [38]. As for nitrogen activation, the Ru steps exhibit an N₂ 
activation energy of 37 kJ mol− 1 and an N–N association energy [39] of 
145 kJ mol− 1. For BaRu, we used N2 activation energy of 42 kJ mol− 1 

and 119 kJ mol− 1 for reverse reaction.

The original DFT model was refined using data from experiments 
conducted under external thermal heating (including tests with CN- 
A–Ru–Ba for both synthesis and decomposition) and supplemented with 
literature data [40]. Comparative analyses revealed that the Ba–Ru 
catalyst exhibited higher activity in NH₃ decomposition than Ru alone, 
confirming literature reports [41]. Subsequent sensitivity analyses 
identified N–N dissociation and association as the rate-determining 
steps for NH₃ synthesis and NH₃ decomposition, respectively. The two- 
site model was further simplified to derive a generalised lumped ki
netic expression that applies to both processes (1) and shows good 
agreement with experimental data (Fig. 10c). Furthermore, calculated 
apparent reaction orders presented in Fig. S17-S21 (NH3 synthesis, H2: 
≈0, N2: ≈0.6, NH3: ≈ − 0.7), and apparent activation energies (NH3 
synthesis: ≈45 kJ mol− 1, NH3 decomposition: ≈110 kJ mol− 1), closely 
correlates with literature values for NH3 synthesis [28] and NH3 
decomposition [42]. In addition, full microkinetic model indicates 
(Fig. S22-S23), that Ru sites (#) are mostly occupied by H during NH3 
synthesis and decomposition, while RuBa sites (*) are almost completely 
occupied by N during decomposition below 500 ◦C and empty during 
NH3 synthesis at 10 bar. Overall, the Ba–Ru two-site microkinetic 
model was validated based on DFT calculations and simplified for effi
cient computational application.

The direct magnetic heating of the catalyst has pronounced effects on 
the effective reaction temperature. First, the apparent reaction tem
perature under magnetic heating is more than 100 ◦C higher than the 
temperature measured with a thermocouple in the catalyst bed (T_bed). 
Consequently, the reaction locally approaches thermodynamic equilib
rium more closely than suggested by the bed temperature alone, 
providing a consistent explanation for the observed relationship be
tween high reaction rates and comparatively low single-pass ammonia 

Fig. 9. The effect of coverage of Cs and Ba over Ru on the overall NH3 syn
thesis activity.
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yields discussed above (Fig. 5). This temperature difference was deter
mined independently using two complementary approaches, namely 
calorimetric measurements and extrapolation from kinetic simulations 
(see ESI), which yielded very similar estimates. Additionally, tempera
ture gradients arise due to the varying distances between the heat source 
(CN alloy nanoparticles) and the active reaction sites. Fig. 10a-b 
compare the experimental results with kinetic models assuming uniform 
temperature and with models incorporating local temperature de
viations (see ESI for details).

4. Discussion

When evaluating the ammonia synthesis performance (Table 2, 
Fig. 10d) of our Ba-promoted Ru/CN-A catalysts, the NH3 synthesis rates 
normalized to catalyst mass are comparable to those reported in the 
literature for Ba- or Cs-promoted Ru catalysts supported on different 
oxide materials. Notably, direct magnetic heating was employed in the 
present study, in contrast to the external thermal heating methods used 
in previous reports. Reported values typically range from 0.15 to 60.2 
mmol NH₃ gcat

− 1 h− 1 at temperatures between 300 and 400 ◦C and pres
sures up to 5.5 MPa. To enable a more meaningful comparison across 
different studies, activities here are primarily discussed on NH₃ synthesis 
rates normalized to Ru mass (in mmol NH3 gRu

− 1 h− 1). According to these 
values, our Ba-Ru/CN-A catalyst shows better performance than state- 
of-the-art Ru-based systems. This enhanced activity per unit mass of 
Ru suggests more efficient utilisation of the noble metal, likely due to the 
formation of highly active Ru–BaO interfaces that facilitate N₂ activa
tion. Similar interfacial effects have been reported previously. For 
instance, Ogura et al. [30,31] found that the interface between metal 
and metal oxides, in their case Ru and LaCe, can facilitate the activation 

of nitrogen bond, enabling NH3 synthesis under unexpectedly mild 
conditions. In related studies, Baik et al. [28,43] have further shown that 
BaO is among the most effective promoters for Ru-based catalysts, out
performing alkali promoters (such as CsO) under comparable condi
tions. The authors of the corresponding publications obtained very 
similar results to those in this manuscript, but at significantly higher 
weight hourly space velocities (WHSV). Remarkably, our Ba-Ru/CN-A 
catalyst achieved significant ammonia synthesis activity at 
thermocouple-measured catalyst bed temperatures as low as 350 ◦C, 
which is below the typical operating temperatures reported for similar 
catalysts. This low temperature activity is particularly favourable for 
integration with renewable energy sources, where lower operating 
temperatures can lead to improved energy efficiency.

Unlike external thermal heating, magnetic heating delivers energy 
directly to the magnetically active component of the catalyst, resulting 
in localized heating of the active sites. This method of energy delivery 
minimizes heat losses associated with reactor walls and heat-transfer 
media, and substantially reduces the system's thermal inertia. Conse
quently, the local temperature at the catalytically active sites can exceed 
the apparent bulk temperature measured in the catalyst bed, consistent 
with the temperature offsets inferred from kinetic analysis and calori
metric measurements. This localized overheating provides a mechanistic 
explanation for the rapid attainment of steady-state operation and the 
pronounced dynamic response observed during magnetic field 
switching.

However, it should be acknowledged that under the investigated 
conditions the ammonia yields at the T_bed of maximum activity remain 
well below the corresponding thermodynamic equilibrium values. This 
behavior reflects a fundamental kinetic–thermodynamic trade-off 
inherent to all exothermic equilibrium limited processes, but 

Fig. 10. Modelling of (a) NH3 decomposition and (b) NH3 synthesis with(out) temperature correction to consider magnetic heating. (c) Parity plot of microkinetic 
and lumped (RDS assumption). (d) Comparison of the performance of our catalysts with Ru-based catalysts reported in the literature. Values marked with [X] 
correspond to the respective references.
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exaggerated in magnetically heated operation. While localized high 
temperatures promote fast reaction kinetics and excellent dynamic 
responsiveness, they simultaneously limit equilibrium-controlled single- 
pass conversion. This barrier, however, is not critical, as the exothermic 
nature of the NH₃ synthesis reaction can provide sufficient energy to 
offset heat losses once a certain reactor scale or degree of thermal 
insulation is reached, thereby minimizing the need for additional heat
ing under steady-state operation. From a process design perspective, this 
may impose constraints on downstream separation and overall process 
efficiency. Recent process-oriented study [48] has highlighted that such 
limitations can be mitigated through established strategies, including 
recycle or multi-pass operation, and staged reactor concepts with spatial 
or temporal temperature zoning. Operation at higher pressures is 
generally constrained by the pressure limitations of quartz reactor tubes. 
In this context, the present results highlight that the primary advantage 
of magnetic heating is not a fundamentally altered catalytic mechanism, 
but rather its ability to enable rapid, localized, and dynamically 
controllable heating that is difficult to achieve using external thermal 
heating. While single-pass ammonia yields remain below equilibrium, 
this operating regime may be particularly advantageous for electrified, 
modular process concepts, where rapid start-up, flexible load-following 
operation, and integration with intermittent renewable energy sources 
are prioritized over equilibrium-limited performance.

Finally, it is important to emphasize that this study focuses on a 
deliberately integrated catalyst–heating concept, where a magnetically 
active support is required to enable magnetic heating. Therefore, the 
results should not be interpreted as a universal comparison between 
magnetic and conventional heating for arbitrary catalyst systems, but 
rather as a proof-of-concept demonstration of magnetically heated 
ammonia synthesis under elevated pressure conditions.

5. Conclusion

In summary, we have developed a magnetically active, Ba-promoted 
Ru/CN-A composite catalyst that enables electrified and adaptable 
ammonia synthesis. For this purpose, a custom-designed, magnetically 
heated reactor operating at pressures up to 5.5 MPa was developed. The 
favourable effect of Ba, which increases the reaction rate by a factor of 
ten (>1500 mmol NH3 gRu

− 1 h− 1), was attributed to the reduced nitrogen 

dissociation energy at the Ba–Ru interfaces. An important finding of 
this study is that magnetic heating leads to substantially elevated 
effective temperatures at the catalytically active sites. Microkinetic 
modelling and calorimetric measurements consistently show that these 
temperatures exceed the thermocouple-measured catalyst bed temper
ature by more than 100 ◦C, providing a mechanistic explanation for the 
observed high reaction rates and rapid thermal response. As a result, 
steady-state ammonia synthesis is achieved in within approximately 10 
min, a time scale short enough to operate the reactor efficiently with 
intermittent renewable electricity.

CRediT authorship contribution statement

A. Sedminek: Writing – review & editing, Writing – original draft, 
Methodology, Investigation, Formal analysis, Conceptualization. D. 
Makovec: Writing – review & editing, Writing – original draft, Inves
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Table 2 
Comparison of ammonia performance of Ru-based catalysts.

Ref. Catalyst T [◦C] p [MPa] NH3 rate 
[mmol gcat

− 1 h− 1]
NH3 rate 
[mmol gRu

− 1 h− 1]

Our results Ba-Ru/CN-A 350a 5.5 12.56 1551
Our results Ba-Ru/CN-A 400a 5.5 11.58 1430
Our results Ru/CN-A 400a 5.5 1.28 158
[44] Ru-Ba/MgO100 405 5 22.10 442
[28] 0.75Ba-Ru/MgO 400 1 47.25 945
[33] 0.5Ba-10Ru/MPC 380 0.99 10.40 128
[35] Ru-Ba-Al2O3 400 5 9.07 181
[45] Ru/Ba–Ca(NH2)2 340 0.1 12.40 124
[46] Ba-Ru/AC 400 0.1 0.15 15
[32] Ru/Ba-Ca(NH2)2 300 0.9 23.3 233
[32] Ru/Ba-(NH2)2 300 0.9 0.3 3
[43] Ba-Ru/N-MWNT-1 300 1 17.12 342
[46] Ru/γ-Al2O3 400 0.1 0.05 3
[46] Cs-Ru@MgO 400 0.1 2.26 226
[46] Ru/CaO 400 0.1 0.16 11
[30] Ru/CeO2 350 1 17.20 344
[30] Ru/Pr2O3 350 1 15.70 314
[30] Ru/La0.5Ce0.5O1.75 400 1 65 1300
[30] Cs+/Ru/MgO 350 1 4.1 82
[47] Cs-Ru/SGCNT 380 0.9 58.2 582
[32] Cs-Ru/MgO 300 0.9 0.40 4
[32] Ru/Ca(NH2)2 300 0.9 5.7 57
[31] Ru/La0.5Pr0.5O1.75 400 1 60.2 1204
[31] Ru/La0.5Pr0.5O1.75 400 0.5 37.1 742

a Temperatures refer to thermocouple-measured catalyst bed temperatures (T_bed).
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[12] J.-S. Pavelić, S. Gyergyek, B. Likozar, M. Grilc, Process electrification by magnetic 
heating of catalyst, Chem. Eng. J. 505 (2025) 158928, https://doi.org/10.1016/j. 
cej.2024.158928.

[13] H. Liu, W. Han, Wüstite-based catalyst for ammonia synthesis: structure, property 
and performance, Catal. Today 297 (2017) 276–291, https://doi.org/10.1016/j. 
cattod.2017.04.062.

[14] S.O.S. Batista, M.A. Morales, W.C. dos Santos, C.A. Iglesias, E. Baggio-Saitovitch, A. 
S. Carriço, F. Bohn, S.N. de Medeiros, Mechano-synthesis, structural and magnetic 
characterization, and heat release of α-Fe nanoparticles embedded in a Wüstite 
matrix, J. Magn. Magn. Mater. 391 (2015) 83–88, https://doi.org/10.1016/j. 
jmmm.2015.04.112.

[15] M. Gheisari, M. Mozaffari, M. Acet, J. Amighian, Preparation and investigation of 
magnetic properties of Wüstite nanoparticles, J. Magn. Magn. Mater. 320 (21) 
(2008) 2618–2621, https://doi.org/10.1016/j.jmmm.2008.05.028.

[16] M.R. Almind, M.G. Vinum, S.T. Wismann, M.F. Hansen, S.B. Vendelbo, J. 
S. Engbæk, P.M. Mortensen, I. Chorkendorff, C. Frandsen, Optimized CoNi 
nanoparticle composition for curie-temperature-controlled induction-heated 
catalysis, ACS Appl. Nano Mater. 4 (11) (2021) 11537–11544, https://doi.org/ 
10.1021/acsanm.1c01941.
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