
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/2
1/

20
26

 1
0:

23
:1

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
A descriptor guid
aSchool of Chemistry, University of Nottingh

jesum.alvesfernandes@nottingham.ac.uk
bSchool of Physics & Astronomy, University o
cCardiff Catalysis Institute, School of Chemis

UK
dSchool of Physics and Astronomy, Universit

UK
eDepartment of Chemistry, University Colleg

† Electronic supplementary informa
https://doi.org/10.1039/d4sc08253b

Cite this: Chem. Sci., 2025, 16, 4851

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 5th December 2024
Accepted 27th January 2025

DOI: 10.1039/d4sc08253b

rsc.li/chemical-science

© 2025 The Author(s). Published by
ing the selection of catalyst
supports for ammonia synthesis†

Andreas Weilhard,a Ilya Popov,a Emerson C. Kohlrausch,a Gazi N. Aliev,b

L. Scott Blankenship, a Luke T. Norman,a Sadegh Ghaderzadeh,a Louise Smith, c

Mark Isaacs, e James O'Shea,d Anabel E. Lanterna,a Wolfgang Theis, b

David Morgan, c Graham J. Hutchings, c Elena Besley, a

Andrei N. Khlobystov a and Jesum Alves Fernandes *a

The efforts to increase the active surface area of catalysts led to reduction of metal particle size, down to

single metal atoms. This results in increasing importance of support–metal interactions. We demonstrate

the mechanisms through which the support influences catalytic activity of nanoclusters: the support

electronics, described by the O 2p energy level, and the support surface chemistry, determined by the

density of Lewis base sites. Using Ru nanoclusters, our study shows that these parameters can be

effectively captured within a single catalyst support descriptor (CSD). The apparent activation energy and

turnover frequency (TOF) for the ammonia synthesis correlates strongly with CSD measured for the

series Ru/MgO, Ru/Sc2O3, Ru/CeO2, Ru/La2O3, and Ru/Y2O3. Furthermore, the study demonstrates that

CSD correlates linearly with the binding strength of N–Ru in nanocluster, thereby providing a direct link

between the catalyst's surface chemistry and the nature of the support. The catalyst support descriptor

developed in this study serves as a simple yet powerful tool for selecting the optimal support material to

maximise the activity of metal nanoclusters without altering the metal itself.
1 Introduction

Over the past 20 years, the focus in heterogeneous catalysis has
shied from using bulk metals and particles to nanoclusters
and, ultimately, single atoms.1–3 This change was driven by the
desire to maximise the metal's surface area, which in turn
increased the interaction and bonding between the metal and
its support due to the sheer increase of the fraction of surface
atoms as metal particles become smaller.4 As a result, there is
now a greater dependence on the electronic structure of cata-
lytic centres on the local environment provided by the support
material.3 In this context, metal nanoclusters and single atoms
can be seen as homogeneous catalysts, where the support
functions like a ligand towards the metal centres, strongly
modifying their chemical state and thus the activation energy
required for a specic reaction.3,5
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For example, Ru nanoclusters with a size range of 2–3 nm are
considered the most effective catalysts for ammonia synthesis
because of the maximum concentration of B5 sites.6–9 In such
cases, improving the catalytic performance depends on
changing the electronic environment of Ru catalysts.7–9 This can
be accomplished by carefully selecting a catalyst support,
known as Electronic Metal-Supported Interaction (EMSI).2

Numerous reports show support's effect on catalytic perfor-
mance in various reactions, but there is no clear understanding
of the fundamental aspects of this effect,10–14 and even more
importantly, there are no universal rules to guide the choice of
ligand–support for a specic metal. Ideally, such a guide would
embed the properties of the support into the classical frame-
work of the Sabatier principle, which relates the binding
strength of the crucial intermediate on the catalyst surface to
the reaction rate via the Bell–Evans–Polanyi principle.15–19

Examples include ammonia synthesis (intermediate = surface
nitride N*),7,16,20–25 CO hydrogenation (intermediate = surface
carbonyl CO*)26 and CO2 hydrogenation (oxygen and carbon
binding strengths).22,27,28 In ammonia synthesis, the N2 activa-
tion is generally accepted to be rate-controlling, and conse-
quently, the crucial intermediate is the surface-adsorbed nitride
(*N). Assuming a simplied single-atom model, the activation
of nitrogen can be mainly driven by the p-backdonation from
the lled metal d-orbitals to the p*-orbitals of dinitrogen, which
destabilises the N2 triple bond. This effect is stronger for the
Chem. Sci., 2025, 16, 4851–4859 | 4851
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higher-lying d-states of the metal.23,29,30 How can higher-lying d-
states be achieved without changing the metal, which in turn
would decrease the N2 activation energy?

In this work, we use the support to achieve this. We devel-
oped a catalyst support descriptor (CSD) for ligand–support
selection for heterogeneous catalysis based on support band
structure and surface chemistry. The CSD was experimentally
validated for the ammonia synthesis reaction, the Haber–Bosch
process considered the most important chemical reaction in
industry. A series of metal oxides CeO2, La2O3, Y2O3, Sc2O3, and
MgO were investigated due to their differences in the valence
band energy, mainly comprised of O 2p, and surface density of
Lewis basic sites. Ru nanoclusters of 2–3 nm in diameter were
produced by magnetron sputtering, where metal atoms are
deposited onto metal oxides' surfaces in vacuum. This enables
direct contact between the metal atom catalyst and support
surface without any impurities in between, which allows a direct
comparison between these materials' activity for an accurate
validation of the CSD.

2 Results and discussion

Nanocluster–support interactions affecting the electronic
structure of d-manifold include twomain contributions: (i) pure
Coulomb interactions, which do not mix states of the subsys-
tems and are substantial for ionic supports, and (ii) electron
transfer, ET (also known as resonance coupling) between band
states of the support and d-states of nanoclusters (Fig. 1a). The
rst contribution provides a constant shi of d-states (crystal
eld shi), but the effect on the metal internal structure is
Fig. 1 Two main factors affect the electronic structure of metal nanoclu
twometal oxides with high (MO-1) and low-lying (MO-2) O 2p bands cou
different degrees of broadening the d-band as shown in the insets. (b) S
cluster of a transition metal catalyst. Solid lines indicate bonding to LBS,

4852 | Chem. Sci., 2025, 16, 4851–4859
minor compared to the ET term.31 Therefore, ET is the most
crucial factor to consider when analyzing the support's effect on
catalytic properties.

Because ET can be viewed as a hybridization of orbitals for
the transition metal (TM) and the atoms of the support mate-
rial, its magnitude depends on the energy difference of the
states involved and their coupling parameter. In the context of
metal oxides, density functional theory and Hartree–Fock
calculations have demonstrated that their valence band has
a relatively narrow peak just below the Fermi level, with
a signicant contribution of O 2p atomic orbitals.32 Metal
oxides' surfaces are terminated by oxygen atoms, whose orbitals
are strongly coupled with the d-orbitals of TM nanoclusters.
Therefore, the ET from the O 2p band to the TM-d orbital (O 2p
band / TM-d) contributes signicantly to the resonance
interaction between the transition metal nanocluster and the
metal oxide support.

To tune the ET contribution for a given transition metal, we
must vary the energy of the O 2p band of the supporting oxide.
As the energy of the O 2p is lower than the energy of the d-
orbitals of the TM, the ET effect will be more prominent for
the oxide having the O 2p band located higher on the energy
scale (Fig. 1a). The position of the O 2p band in any metal oxide
can be experimentally determined from the energy of O-KL23L23
Auger lines.33 The kinetic energy, Ekin, of the O-KL23L23 line
observed in Auger electron spectroscopy (AES) is related to the
energy of the O 2p band as:

Ekin = −E1s + 2E2p (1)
sters on metal oxide. (a) Schematic depiction of the density of states of
pling with the d-band of a transition metal (TM) nanocluster resulting in
chematic depiction of Lewis base sites (LBS) interacting with a nano-
which are defined as binding sites for CO2.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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where E1s < 0 and E2p < 0 are the energies of O 1s and O 2p levels
in an oxide material measured from the vacuum level. If the
energy of low-lying O 1s states, which do not participate in
chemical bonding, remains within the range from typical oxides
(ca. 529–530 eV),34 we can estimate the relative position of O 2p
bands for any two oxides as

E2p
ð1Þ � E2p

ð2Þ ¼ 1

2

�
Ekin

ð1Þ � Ekin
ð2Þ� (2)

This equation shows that higher kinetic energies of O-
KL23L23 correspond to higher-lying O 2p bands, resulting in
a bigger ET effect (Fig. 1a).

In addition to the support's electronic structure, we must
consider its surface chemistry. The most relevant aspect is the
surface density of Lewis base sites (LBS) responsible for
coupling to the nanoclusters' d-states (Fig. 1b). For example, the
density of LBS on the support's surface has been shown to be
a relatively good descriptor for predicting the catalytic activity of
Ru nanoclusters in ammonia synthesis.35,36 However, this
descriptor works well only for a limited range of oxides and fails
for higher concentrations of LBS, such as in Y2O3.35,36

In this work, we unify the two parameters of metal oxides,
the energy of the valence band (E2p) and surface density of LBS
(C), within a single catalyst support descriptor (CSD), making it
Fig. 2 Properties of supports and catalysts. (a) The kinetic energy of the O
in ESI, Section 2†). (b) CO2 desorption normalised by the surface area of t
at atmospheric pressure in a flux of 30 mL per min He (*due to the active
out after the H2 reduction treatment of CeO2; see details in ESI, Section 3
of LBS and the corresponding CSD values calculated according to eqn (3)
Corrected Scanning Transmission Electron Microscopy (AC-STEM) of Ru
Ru nanoclusters was observed after catalysis (Fig. S18†).

© 2025 The Author(s). Published by the Royal Society of Chemistry
applicable to a broader range of metal oxides. Based on the
perturbation theory, the Hamiltonian of the metal d-orbitals
coupling with O 2p-band is proportional to the concentration
of LBS and inversely proportional to their energy difference (see
details in ESI, Section 1†). This allows us to propose the
following equation for the CSD:

CSD ¼ Cx

C0

 
1� E2p

ðxÞ � E2p
ð0Þ

Ed � E2p
ð0Þ

!�1

(3)

where 0 stands for a reference oxide, x for any other oxide in the
series, and Ed is the energy of d-states of the metal
nanocluster.

To test CSD, we selected ve metal oxides with different
stoichiometries (i.e. Y2O3, La2O3, CeO2, Sc2O3 and MgO), as
supports for Ru nanoclusters and investigated their catalytic
activity in the ammonia synthesis reaction. To measure E2p and
concentration of LBS of the supports, we used X-ray photo-
electron spectroscopy (XPS) and temperature programmed
desorption (TPD) of CO2, respectively (Fig. 2a and b, see details
in ESI, Sections 2 and 3†). The O-KL23L23 peak was used to
determine the relative values of E2p (eqn (2)). XPS measure-
ments show the lowest kinetic energy for MgO (510.2 eV) and
the highest for La2O3 (513.4 eV) (Fig. 2c and Table S1†). MgO
was used as a reference point as it has the deepest valence band
-KL23L23 peaks for the metal oxides after signal processing (see details
he support from the metal oxides measured between 50 °C and 600 °C
redox behaviour of CeO2, CO2 desorption measurements were carried
†). (c) A table containing kinetic energy of O-KL23L23, the concentration
. (d) Schematic depiction of CSD values and predicted Ea. (e) Aberration
/metal oxide catalysts with size distribution histograms. No sintering of

Chem. Sci., 2025, 16, 4851–4859 | 4853
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Fig. 3 Validation of catalyst support descriptor–CSD. Activation energies (a) and turnover frequency (TOF) at 400 °C (b) for the catalysts plotted
against the values of CSD. Catalysts stability was tested over 58 hours of reaction (Fig. S13†). TOFwas calculated by dividing the rate of NH3 (mmol
h−1) production by the amount of Ru surface atoms (mmol).
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within this series of supports which allows to estimate Ed–E2p
which was found 3.15 eV (see details in ESI, Section 1†).
Therefore, for MgO CO2 TPD measurements, normalised to
their surface areas (Table S2†), show that Y2O3 displays the
highest surface density of LBS in the series, which is in line with
previous reports,37 followed by La2O3 and CeO2, Sc2O3 and then
MgO (Fig. 2c and S12†). Using eqn (3), we calculate the values of
the CSD for the catalysts in the series, predicting the following
order of the activation energies Ru/Y2O3 < Ru/La2O3 < Ru/CeO2 <
Ru/Sc2O3 < Ru/MgO (Fig. 2c and d).

To test this prediction and ensure that the observed catalytic
parameters are dominated by the effects of supports, it is crit-
ical to ensure that the size distributions of Ru nanoclusters are
uniform across the metal oxides series. Ourmethodology, based
on the on-surface formation of metal nanoclusters directly from
a ux of atoms generated by magnetron sputtering, enables the
Fig. 4 Rate control and H2 poisoning mitigation. (a) Schematic depiction
S. Green highlights the dissociative adsorption of N2 onto S, whilst purple
surface nitride as the crucial intermediate. (b) Effect of the partial pressure
Effect of the partial pressure of H2 and N2 (inset) onto Ru/Y2O3. (d) Effe
experiments are at 10 bar total pressure a total flow of 40mLmin−1 and 40
reaction mixture (see details in ESI, Section 4†).

4854 | Chem. Sci., 2025, 16, 4851–4859
growth of nanoclusters with accurate size control on different
supports.32–35 Furthermore, this approach provides direct
contact between Ru nanoclusters and the support, without any
solvent and impurities associated with traditional wet impreg-
nation methods.34,36 Aberration-corrected scanning trans-
mission electron microscopy (AC-STEM) imaging of Ru
nanoclusters on the metal oxides aer catalysis shows the mean
diameter ca. 2–3 nm with a narrow size distribution (Fig. 2e),
except in Ru@La2O3 where the average diameter is 3.4 nm. This
size range of nanoclusters is optimal for ammonia synthesis
because the density of B5 sites is maximised, which are largely
responsible for N2 activation.6–9

To investigate the electronic effects imposed by the support
onto the catalyst, the apparent activation energy, Eapp, of
ammonia synthesis was determined (Fig. 3a, see details in
ESI†). We found a linear dependence between Eapp and CSD (R2
of the N2 to NH3 transformation in the presence of H2 on a surface site
highlights the recombinative desorption of NH3, and red highlights the
of H2 on Ru/La2O3 and an inset shows the dependence for Ru/MgO. (c)
ct of the partial pressure of H2 and N2 (inset) onto Ru/CeO2. (b–d) All
0 °C. The total flowwas kept constant by the additional flux of Ar in the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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= 0.94) with a slope of−20.0± 3.5 kJ mol−1. This trend captures
a wide range of Eapp varying from Ru@MgO (153 kJ mol−1 ±

8 kJ mol−1) to Ru@Y2O3 (76 kJ mol−1 ± 10 kJ mol−1). Note-
worthy, the Eapp found for Ru@MgO in our work is in agreement
with previous computational predictions for Eapp.38 Further-
more, an Eapp of ca. 70 kJ mol−1 (note the similarity to the Eapp
found for Ru@Y2O3 76 kJ mol−1) has been predicted for the
Sabatier optimum under low N2 conversions.16,20,39

Inspecting the turnover frequency (TOF) dependency with
CSD, a linear correlation was found for MgO, Sc2O3, La2O3 and
Y2O3 (R2 = 0.99, Fig. 3b). As expected, the lowest turnover
frequency is found for Ru/MgO with 6 h−1, whilst the highest for
Ru/Y2O3 with 37 h−1. Interestingly, Ru/CeO2 is an outlier that
outperforms its predicted catalytic activity. This effect is most
likely due to the reducibility of the CeO2 surface (Ce

4+ vs. Ce3+),
mitigating hydrogen poisoning.40–42 To elucidate the effect of H2

on the catalytic performance, the partial pressure of H2 was
varied. This does not only give information about H2 poisoning
but also about the degree of rate control.20

Upon inspecting the effects of the partial pressure of H2 on
the reaction rate for Ru/La2O3, Ru/Sc2O3 and Ru/MgO we
observed a decrease in the rate indicating the dissociative N2

adsorption being rate controlling step (Fig. 4a and b and S14†).
In contrast, Ru/Y2O3 exhibits a non-monotonic behaviour
indicative of a uctuation of the rate controlling typical for the
Sabatier optimum (see details in ESI, Section 5†). The rate-
controlling step uctuates from dissociative N2 adsorption to
NH3* formation depending on the partial pressure of H2 (Fig. 4a
and c). Finally, the reaction rate on Ru/CeO2 shows no depen-
dence on H2 partial pressure (Fig. 4d). This conrms the spill-
over effect of H* from the nanocluster to the support in Ru/
CeO2, explaining that this catalyst is an outlier on the TOF vs.
CSD trend (Fig. 3b).40,42 Furthermore, all the metal oxides
exhibit N2 order close to 1, which conrms the dissociative N2

adsorption being rate-controlling under the conditions used in
our experiments (Fig. 4c and d insets and S14†).25

To relate CSD with traditional descriptors, such as binding
energy of N*, we conducted temperature-programmed adsorp-
tion (TPA) and temperature-programmed desorption (TPD)
studies (see details in ESI, Section 4†) and estimated thermo-
dynamic parameters for formation N* for Ru/MgO, Ru/CeO2

and Ru/Y2O3 (Tables S4 and S5†). We then demonstrated that
Fig. 5 Nitrogen binding strength and catalyst support descriptor –
CSD value. (a) The linear relationship between N binding strength and
CSD value. (b) The Scheme of the energy profile for N2 activation
highlights the connection between the CSD value and N binding
strength.

© 2025 The Author(s). Published by the Royal Society of Chemistry
CSD correlates linearly with the binding strength and formation
enthalpy of N*, i.e. higher CSD leads to a more exothermic (and
thus exergonic) adsorption of N2 (Fig. 5). Consequently, our CSD
based on the electronic structure (O 2p band energy) and
surface chemistry of the support (LBS surface density) can be
linked to previous descriptors, such as the binding strength of
N*, and thus regarded as a powerful tool to predict catalytic
activity.
3 Conclusions

In summary, this work introduces a catalyst support descriptor
(CSD) as a powerful tool for optimising support materials in
heterogeneous catalysis. By combining the metal oxide O 2p
energy level and the surface density of Lewis base sites (LBS),
the CSD effectively predicts catalytic performance across a range
of metal oxides. We demonstrated a strong correlation between
the CSD and catalytic activity, with Ru/Y2O3 showing the best
performance in ammonia synthesis. This work highlights the
importance of electron transfer due to resonance coupling in
enhancing catalytic activity, offering a unied framework for
selecting support materials. By bridging traditional descriptors
with the CSD, the study provides a comprehensive methodology
for catalyst design, paving the way for advancements in
ammonia synthesis and beyond. The CSD offers a novel
approach to understanding and improving the electronic envi-
ronment of catalytic centres, ensuring more efficient and tar-
geted catalyst development This is especially important for the
Haber–Bosch process, which is highly energy-intensive and
polluting, with high CO2 emissions. Our descriptor offers
a robust methodology to guide the search for the future efficient
catalysts to alleviate the environmental impact of the ammonia
synthesis in industry.
4 Experimental
4.1. General information

MgO, CeO2, La2O3, Sc2O3 and Y2O3 were purchased from Sigma
Aldrich used without further purication. All solvents were of
analytical grade, and all water used in this work was Millipore
Milli-Q 18 MU ultrapure and deionised. HCl (37% v/v) and
HNO3 (69% v/v) are ARISTAR™ grade and purchased from VWR
Chemicals. Research grade hydrogen (99.999%) and nitrogen
(99.999%) was supplied by BOC – LINDE GROUP. Aberration
corrected scanning transmission electron microscopy (AC-
STEM) measurements were performed using a JEOL 2100F
scanning transmission electron microscope with a CEOS aber-
ration corrector operated with an accelerating voltage of 200 kV.
Ru nanoclusters were prepared by producing a ow of Ru atoms
deposited on metal oxides using magnetron sputtering tech-
nique (Table 1).43,44 Ru content was measured by Inductively
Coupled Plasma Optical Emission Spectrometer (ICP-OES)
using a PerkinElmer Optima 2000 DV (Table 1). Catalytic
experiments were undertaken in Plug ow reactor provided by
micromeritics. Effluent NH3 concentrations were measured
using GC-TCD analysis provided by Agilent. Microkinetic
Chem. Sci., 2025, 16, 4851–4859 | 4855
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Table 1 Magnetron sputtering parameters and obtained Ru content as
determined by Inductively Coupled Plasma-Optical Emission Spec-
trometry (ICP-OES)

Catalyst
Deposition time
(min)

Applied power
(W)

Ru content
(wt%)

Ru/CeO2 50 60 1.5
Ru/Y2O3 40 50 0.8
Ru/La2O3 40 50 2.0
Ru/MgO 50 60 1.7
Ru/Sc2O3 40 50 1.7
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measurements were measured using CATLAB-PCS Microreactor
with an integrated mass spectrometer.

4.2. Metal oxides X-ray photoelectron spectroscopy (XPS)
measurements

XPS measurements were performed using Thermo Fisher K-
Alpha X-ray Photoelectron Spectrometer using a mono-
chromatic Al Ka radiation source operating at 72 W (6 mA × 12
kV) which denes an analysis area of approximately 400 × 400
microns. An analyser pass energy of 160 eV was used for wide
energy range survey scans, and 50 eV for elemental regions (C
1s, O 1s, O KLL, Y 3d, La 3d, Ce 3d, Sc 2p and Mg 1s), all
samples were recorded using a dual ion-electron charge
compensation detector, operating with an argon background
pressure of ca. 10−7 mbar. Samples were mounted by pressing
onto silicone-free double-sided adhesive tape. Depth proling
was performed with an Argon ion gun operating at 1000 eV
and rastered over a 2 × 1 mm area for 10 seconds per cycle.
The data were processed with CASAXPS (Version 2.3.17). The
data was charge corrected to the reference C 1s signal at
285.0 eV.

4.3. Thermal programmed desorption (TPD) of CO2

To measure the concentration of Lewis basic sites (LBS) on the
supports, temperature-programmed desorption (TPD) of CO2

was performed. The measurements were normalized by metal
oxides BET area.

4.3.1 BET area and average particle size. All sample masses
were measured using a microbalance with a resolution of
0.0001 g. For isotherm measurements, samples were prepared
by degassing under vacuum using a Micromeritics Smart Vac-
Prep at 300 °C for 16 hours. Nitrogen adsorption–desorption
isotherms were measured over a relative pressure range of 0.05
to 0.99 at −196 °C using a Micromeritics Tristar. The BET area
(ABET) was calculated from the linear portion of the BET-
transform of the isotherm in the relative pressure range of
0.05 to 0.30, with the limits adjusted to achieve a correlation
coefficient of at least 0.9999.

Helium pycnometry experiments were conducted on
a Micromeritics Accupyc, following degassing at 300 °C for 1
hour using a Micromeritics Smart VacPrep. A total of 200
helium purges were performed at room temperature before
conducting 50 volume measurements. The helium density (rHe)
4856 | Chem. Sci., 2025, 16, 4851–4859
was determined as the average of these 50 measurements. The
average particle diameter (d) was calculated from ABET and rHe,
assuming non-agglomerated, non-porous spherical particles
according to the formula:

d ¼ 6000

rHe$ABET

4.3.2 CO2 desorption measurements. In a typical experi-
ment the metal oxide is loaded into a quartz tube which in turn
is inserted into a CatLab Microreactor provided by Hidden. The
sample is held in place by glass wool. Aer placing the sample
in the microreactor, the sample is ushed with He 30 mLmin−1

and heated to 450 °C with a ramp rated of 10 °C min−1 and held
to at 450 °C for 6 h. Aerwards, the sample is cooled to 50 °C
and the CO2 is adsorbed in the absence of He with a ow rate of
CO2 of 30 mL min−1. Aer 6 h the CO2 is replaced by He and
aer ushing with He for another hour the sample is heated to
950 °C with a ramp rate of 8 °C min−1. In the case of CeO2, the
sample is treated with 5% H2 (30 mL min−1) in Ar during initial
heating to 450 °C and kept under 5% H2 in Ar (30 mLmin−1) for
3 h at 450 °C. Aerwards the sample is ushed with He (30
mL min−1) for 3 h and then the sample is cooled to 50 °C. The
following adsorption and desorption process are as described
above.
4.4. Catalytic experiments

Catalytic experiments were conducted in a stainless steel PFR
reactor supplied by Micromeritics, PID Microactivity effi, and
the effluent NH3 concentration was measured using Agilent
8890 GC system. In a typical experiment 1.7 mg of Ru was
employed to ensure the same catalyst loading throughout the
catalytic experiments. Furthermore, the volume of Ru/metal-
oxide support and the employed support were kept constant
to keep the contact time the same. The samples were further-
more diluted in 2.3 g of SiC. Both, the catalytic material and the
SiC were mixed and loaded into the reactor. The reactor is
pressurized to 20 bar and the catalysts are reduced in a ow of
H2 (30 mL min−1) for 6 h at 450 °C. Aerwards, the reactor is
cooled to 400 °C and a N2 is added to the feed (10 mL min−1).
Aer, 10 h samples of the exhaust feed are measured by GC-TCD
(Table S3 and Fig. S13†).

To determine the rate orders, all other parameters were kept
the same, but the pressure was reduced to 10 bar. To vary the
partial pressures of H2 and N2, Ar was introduced to the feed
and the total gas ow was kept constant at 40 mL min−1

(Fig. S14†).
The activation energy was measured by changing the total

ow of reagents to the reactor at various temperatures. The rate
was approximated by measuring the linear regression of the
inverse total ow (H2 : N2 = 3 : 1) against the effluent NH3

concentration (Fig. S15†).
4.5. N* binding strength

4.5.1 N2 desorption of Ru/Y2O3. In a typical experiment
100 mg Ru/Y2O3 is loaded into a quartz tube which in turn is
© 2025 The Author(s). Published by the Royal Society of Chemistry
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inserted into a CatLab Microreactor provided by Hidden. The
sample is held in place by glass wool. Aer placing the sample
in the microreactor, the sample is ushed with 5% H2 in Ar (30
mL min−1) and heated to 450 °C with a ramp rated of 8 °
C min−1 and held to at 450 °C for 6 h. N2 is adsorbed in the
absence of any other gas with a ow rate of N2 of 30 mL min−1.
Aerwards the sample is cooled to 50 °C with a ramp rate of 1 °
C min−1. Aer 15 h the N2 is replaced by He (30 mL min−1) and
aer ushing with He for 5 h the sample is heated to 950 °C
with a ramp rate of 8 °C min−1.

4.5.2 N2 desorption post reaction. In typical experiments
50 mg of the spent catalyst is loaded into a quartz tube which in
turn is inserted into a CatLab Microreactor provided by Hidden.
The sample is held in place by glass wool. Aer placing the
sample in the microreactor, the sample is ushed with He (30
mL min−1) and heated to 950 °C with a ramp rated of 8 °
C min−1.

4.5.3 N2 adsorption measurements. In a typical experiment
150 mg of the investigated sample is loaded into a quartz tube
which in turn is inserted into a CatLabMicroreactor provided by
Hidden. The sample is held in place by glass wool. Aer placing
the sample in the microreactor, the sample is ushed with 5%
H2 in Ar (30 mL min−1) and heated to 450 °C with a ramp rated
of 8 °Cmin−1 and held to at 450 °C for 6 h. Then the 5%H2 in Ar
(30 mL min−1) is replaced by He (30 mL min−1) and ushed for
6 h. Aer cooling to 40 °C 5% N2 in Ar (5 mL min−1) is added to
mix. Aer 15 min the sample is heated to 450 °C with a ramp
rate of 1 °C. The adsorption constant kads is calculated
assuming that N2 adsorbs onto vacant two vacant surface sites.
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Ramos, Role of B5-Type Sites in Ru Catalysts used for the
NH3 Decomposition Reaction, Top. Catal., 2009, 52(6),
758–764.

7 K. Honkala, A. Hellman, I. N. Remediakis, A. Logadottir,
A. Carlsson, S. Dahl, C. H. Christensen and J. K. Nørskov,
Ammonia Synthesis from First-Principles Calculations,
Science, 2005, 307(5709), 555–558.

8 S. Shetty, A. P. J. Jansen and R. A. van Santen, Active Sites for
N2 Dissociation on Ruthenium, J. Phys. Chem. C, 2008,
112(46), 17768–17771.

9 J. A. Herron, S. Tonelli and M. Mavrikakis, Atomic and
molecular adsorption on Ru(0001), Surf. Sci., 2013, 614, 64–
74.

10 M. Ravi and J. W. Makepeace, Facilitating green ammonia
manufacture under milder conditions: what do
heterogeneous catalyst formulations have to offer?, Chem.
Sci., 2022, 13(4), 890–908.

11 X. Peng, H.-X. Liu, Y. Zhang, Z.-Q. Huang, L. Yang, Y. Jiang,
X. Wang, L. Zheng, C. Chang, C.-t. Au, L. Jiang and J. Li,
Highly efficient ammonia synthesis at low temperature
over a Ru–Co catalyst with dual atomically dispersed active
centers, Chem. Sci., 2021, 12(20), 7125–7137.

12 Y. Ogura, K. Sato, S.-i. Miyahara, Y. Kawano, T. Toriyama,
T. Yamamoto, S. Matsumura, S. Hosokawa and
K. Nagaoka, Efficient ammonia synthesis over a Ru/
La0.5Ce0.5O1.75 catalyst pre-reduced at high temperature,
Chem. Sci., 2018, 9(8), 2230–2237.

13 M. Kitano, Y. Inoue, H. Ishikawa, K. Yamagata, T. Nakao,
T. Tada, S. Matsuishi, T. Yokoyama, M. Hara and
H. Hosono, Essential role of hydride ion in ruthenium-
based ammonia synthesis catalysts, Chem. Sci., 2016, 7(7),
4036–4043.

14 S. Kamiguchi, K. Asakura, T. Shibayama, T. Yokaichiya,
T. Ikeda, A. Nakayama, K.-i. Shimizu and Z. Hou, Catalytic
Chem. Sci., 2025, 16, 4851–4859 | 4857

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc08253b


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/2
1/

20
26

 1
0:

23
:1

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
ammonia synthesis on HY-zeolite-supported angstrom-size
molybdenum cluster, Chem. Sci., 2024, 15(8), 2914–2922.

15 S. Ichikawa, Volcano-shaped curves in heterogeneous
catalysis, Chem. Eng. Sci., 1990, 45(2), 529–535.

16 T. Bligaard, J. K. Nørskov, S. Dahl, J. Matthiesen,
C. H. Christensen and J. Sehested, The Brønsted–Evans–
Polanyi relation and the volcano curve in heterogeneous
catalysis, J. Catal., 2004, 224(1), 206–217.

17 M. G. Evans and M. Polanyi, Further considerations on the
thermodynamics of chemical equilibria and reaction rates,
Trans. Faraday Soc., 1936, 32, 1333–1360.

18 M. G. Evans and M. Polanyi, Inertia and driving force of
chemical reactions, Trans. Faraday Soc., 1938, 34, 11–24.

19 M. G. Evans and M. Polanyi, Some applications of the
transition state method to the calculation of reaction
velocities, especially in solution, Trans. Faraday Soc., 1935,
31, 875–894.

20 S. Dahl, A. Logadottir, C. J. H. Jacobsen and J. K. Nørskov,
Electronic factors in catalysis: the volcano curve and the
effect of promotion in catalytic ammonia synthesis, Appl.
Catal., A, 2001, 222(1), 19–29.

21 A. Vojvodic, A. J. Medford, F. Studt, F. Abild-Pedersen,
T. S. Khan, T. Bligaard and J. K. Nørskov, Exploring the
limits: A low-pressure, low-temperature Haber–Bosch
process, Chem. Phys. Lett., 2014, 598, 108–112.

22 A. J. Medford, A. Vojvodic, J. S. Hummelshøj, J. Voss,
F. Abild-Pedersen, F. Studt, T. Bligaard, A. Nilsson and
J. K. Nørskov, From the Sabatier principle to a predictive
theory of transition-metal heterogeneous catalysis, J.
Catal., 2015, 328, 36–42.

23 F. Abild-Pedersen, J. Greeley, F. Studt, J. Rossmeisl,
T. R. Munter, P. G. Moses, E. Skúlason, T. Bligaard and
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