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A B S T R A C T

Selective catalytic reduction with ammonia (NH3-SCR) is a widely used deNOx process, employing zeolitic 
catalysts. Here, we examine framework substituted and extra-framework exchanged transition metal zeolite 
catalysts, in the extensively studied Fe – zeolite Beta focusing on the influence of the transition metal cation on 
the NH3-SCR reaction, and aiming to unravel the underlying mechanisms and their impact on catalytic perfor-
mance. We use hybrid multiscale density functional theory (DFT)/molecular mechanics to investigate the NH3- 
SCR at various Fe-BEA active sites including systems with both framework and extra-framework Fe cations. The 
catalytically active sites under investigation include Fe-FeF-BEA, Fe-AlF-BEA, and Cu-FeF-BEA, (where the 
subscript F indicates framework species) on which the formation and consumption of key intermediates of both 
oxidation and reduction half cycles species are analysed. We show the distinctive ability of framework Fe sites to 
promote the formation of key nitrate and nitrosamine intermediates. Furthermore, we find a strong binding 
affinity of NH3 with framework Fe systems including Cu(II)-FeF-BEA, Fe(III)-FeF-BEA, and H-FeF-BEA compared 
to framework Al systems (Fe(III)-AlF-BEA). We explore the reduction potential of the framework Fe3+/Fe2+ in 
BEA zeolite and establish its feasibility in the presence of a Brønsted acid site. Our calculations clearly predict the 
bimetallic Cu-FeF system to be the best catalyst which supports a recent experimental report by Yue et al. (Chem. 
Eng. J. 2020, 398, 125515) for a related FeCu-SSZ-13 (CHA) zeolite. We provide a new understanding of the 
reactivity of Fe-BEA zeolites, suggesting the advantages of framework Fe over Al sites in NH3-SCR reactions, and 
establishing a foundation for interpretation of the rôle of framework cations in metal-exchanged zeolites.

1. Introduction

Iron-containing zeolites have a wide range of applications in petro-
chemical, environmental protection, fine chemical, and other catalytic 
processes, including ammonia-assisted selective catalytic reduction 
(SCR) of nitric oxide (NO) and nitrogen dioxide (NO2), due to their 
microporous structure and the redox chemistry conferred by the inclu-
sion of Fe species [1]. The nature of the incorporated Fe is critical for the 
catalytic properties; both the synthesis procedures and conditions and 
the zeolite’s inherent characteristics—such as porosity and acid-
ity—determine the state of the Fe species in the zeolite, which has a 
substantial influence on the material’s redox properties, acidity, and 

stability [2–7]. Previous studies have extensively explored the behav-
iour of extra-framework Fe cations in zeolites, but the rôle of framework 
Fe species in the NH3-SCR reaction is less well understood [3,8].

Fe-beta has emerged as one of the most robust Fe-zeolites for 
NH3–SCR [9,10], maintaining its activity, and nitrogen selectivity, even 
after hydrothermal ageing at 750 ◦C [11]. BEA features 12-MR channels 
with diameters of 0.76 × 0.64 nm and 0.55 × 0.55 nm, ensuring good 
accessibility of acid sites, high thermal stability, and strong acidity 
making it an excellent catalyst and sorbent for a wide range of industrial 
processes, including NOx reduction [12,13]. When compared to SSZ-13 
and SAPO-34 zeolites, Beta zeolites stand out due to their distinctive 
three-dimensional twelve-element annulus structure [14]. In addition, 

Abbreviations: SCR, Selective catalytic reduction; QM/MM, Quantum mechanical/molecular mechanical; DFT, Density functional theory; CHA, Chabazite; 
DRIFTS, Diffuse reflectance Fourier transform spectroscopy; FTIR, Fourier transform infrared; PXRD, Powder X-ray Diffraction; EDX, Energy dispersive X-ray; XANES, 
X-ray Absorption Near Edge Structure.

* Corresponding author.
E-mail addresses: jamal.nasir.18@ucl.ac.uk (J. Abdul Nasir), a.sokol@ucl.ac.uk (A.A. Sokol), c.r.a.catlow@ucl.ac.uk (C.R.A. Catlow). 

Contents lists available at ScienceDirect

Journal of Catalysis

journal homepage: www.elsevier.com/locate/jcat

https://doi.org/10.1016/j.jcat.2024.115696
Received 11 June 2024; Received in revised form 3 August 2024; Accepted 6 August 2024  

Journal of Catalysis 438 (2024) 115696 

Available online 10 August 2024 
0021-9517/© 2024 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:jamal.nasir.18@ucl.ac.uk
mailto:a.sokol@ucl.ac.uk
mailto:c.r.a.catlow@ucl.ac.uk
www.sciencedirect.com/science/journal/00219517
https://www.elsevier.com/locate/jcat
https://doi.org/10.1016/j.jcat.2024.115696
https://doi.org/10.1016/j.jcat.2024.115696
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcat.2024.115696&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Rahkamaa-Tolonen et al. [15] and He et al. [11] have demonstrated that 
Beta zeolites exhibit superior thermal stability compared to Fe-ZSM-5 
catalysts which suggests that Fe-BEA can offer advantages in terms of 
maintaining catalytic activity under high-temperature conditions, such 
as those encountered during exhaust system regeneration. Song et al. 
[16] studied Al-free Fe-beta as a robust catalyst for selective reduction of 
nitric oxide by ammonia prepared via post-synthesis metalation; it 
exhibited superior durability for NH3-SCR of NOx, maintaining over 90 
% conversion at 673 K for over 400 h. They attributed its remarkable 
durability and catalytic performance to the absence of framework 
aluminum and the stabilisation of active iron species by the zeolite 
structure.

It is evident from experiment that the NH3-SCR reaction occurs on 
several Fe-sites with distinct mechanisms, hence leading to different 
turnover frequencies [17]. It was suggested that under low loading, the 
majority of Fe ions are present as a monomer [18] in extra-framework 
sites, while at higher loading oligomers of Fe are formed; Liu et al. 
reviewed different active sites of Fe including monomeric, dimeric, and 
oligomeric species [19]. Sazama et al. [20] demonstrated that Fe3+-oxo 
species with low nuclearity, including isolated Fe monomers, are highly 
active in NH3-SCR. Dahl et al. [18] proposed that iron monomers in Fe- 
beta were the active species in NH3-SCR, although the activity of these 
monomers varied. Kröcher et al. [17] suggested that all iron species are 
active in NH3-SCR catalysed by Fe-ZSM-5, with their specific activity 
depending on the reaction temperature. According to their findings, 
monomeric species were responsible for deNOx activity up to 573 K, 
while dimeric and oligomeric species, as well as Fe2O3 particles, 
contributed more significantly to the activity at higher temperatures. 
Furthermore, Lobree et al. [21] found a linear correlation between Fe 
uptake and H+ loss up to a Fe/Al ratio of 0.56, suggesting that Fe pri-
marily resides as an isolated species [Fe(OH)2]+. A similar one-to-one 
Fe3+/H+ exchange ratio has been reported on an SSZ-13 zeolite up to 
a Fe/Al ratio of 0.18, further supporting the prevalence of isolated Fe 
species at low Fe loadings [22]. Gao et al. [23] performed experimental 
analyses using UV–Vis, EPR, and Mössbauer spectroscopies, along with 
temperature-programmed reduction and desorption techniques, to 
analyse the Fe sites in SSZ-13. At low temperatures, the primary Fe 
species identified were extra-framework Fe(III) species, particularly 
[Fe3+(OH–)2]+ (monomeric). The data suggest that isolated Fe3+ ions, 
such as [Fe3+(OH–)2]+, are the active sites for low-temperature standard 
SCR. Fe ions (Fe2+ and Fe3+ ions) can be incorporated into the frame-
work of high silica zeolites; subsequent high-temperature treatment of 
these ferrisilicates leads to the ejection of Fe from the framework and 
can be considered another approach for the generation of extra- 
framework species [24]. Furthermore, the stability of mononuclear 
iron species in the SSZ-13 zeolite with isolated Al has been investigated 
by Li et al. [25]. Their calculations showed that in the phase diagram for 
Fe species in the presence of H2O, [Fe3+(OH–)2]+ is the most stable 
species at temperatures below 600 ◦C. Consequently, [Fe3+(OH–)2]+ was 
used as the initial structure for the active iron species in their study.

Another assumption regarding Fe-exchanged zeolites is that extra- 
framework Fe3+ is only coordinated to oxygen and is unstable in high 
silica zeolites due to the lack of negative charge within the zeolite lattice 
to counterbalance the trivalent ions [24]. However, there is experi-
mental evidence that trivalent ions can be present in the framework 
owing to their similar charge and size as Al [24,26–28]. Thus, Fe3+ can 
be incorporated into high silica zeolites as a framework cation, although 
steaming of ferrisilicates—analogous to the dealumination of alumi-
nosilicates—induces the removal of Fe from the framework introducing 
it into the extra-framework sites [24].

Experimental studies indeed reveal that the distribution of frame-
work cations such as Al in zeolites often deviates from simplistic energy- 
based rules. While Lowenstein’s rule regarding the absence of direct Al- 
O-Al linkages in the framework is generally observed, deviations from 
this rule are noted in synthetic zeolites [29,30]. We have reported the 
energetics of small Si-Al clusters and rings to understand the origin of 

Lowenstein’s rule in zeolitic solids [31]. Using ab initio and molecular 
mechanics, we found that Si-O-Al bridge formation is energetically 
favourable over Al-O-Al bridges. Condensation reactions favour Low-
ensteinian configurations, particularly those with one Al species in the 
ring. Hydration effects also support the energetically unfavourable na-
ture of non-Lowensteinian structures. These findings suggest that Low-
enstein’s rule has a kinetic basis, influenced by the energetics of small 
clusters formed during zeolite synthesis. However, experimental evi-
dence provides instances where Al3+ substituents are found in close 
proximity rather than in a dispersed distribution, challenging the con-
ventional understanding [32]. Fletcher et al. [45] predict deviations 
from Lowenstein’s rule in specific forms of zeolites, suggesting potential 
new catalytic routes and materials. Additionally, studies employing 
advanced techniques such as atomic-scale analysis and microscopy 
reveal a non-random distribution of Al within highly crystalline zeolites 
[33]. This non-random distribution is further accentuated upon steam-
ing, leading to pronounced clustering near diffusion barriers, which 
facilitate the transportation of Al towards the outer surface of zeolites 
[33]. Furthermore, observations during crystallisation indicate a steady 
transition of Al towards the crystal surface, sometimes accompanied by 
Si enrichment [34,35].

The reduction of metal ions during the reaction has a major impact 
on the coordination of the metal to the zeolite framework. At high 
temperatures and under an inert atmosphere, TMI-Zeolites (Co3+, Fe3+, 
Cu2+) can undergo auto-reduction [36–38]. The auto reduction of Fe3+

to Fe2+ under He treatment has been characterised by in situ XAS 
[39,40]. The reduction of Fe3+ to Fe2+ is attributed to the desorption 
and dehydration of Fe3+(OH)2 to liberate O2 and form two Fe2+(OH) 
species [21]. The identification and the chemistry of the Fe ions in an 
aqueous solution are, of course, well defined from the existence of 
various mono-, di-, and polymeric complexes bearing different species 
including oxygen, water molecules, and OH groups (depending on the 
reaction media, especially pH) [41,42]. Berlier et al.[43] examined Fe- 
silicalite and observed that the thermal activation causes framework 
Fe3+ species to undergo reduction to Fe2+. The characterisation of such 
trivalent ions, especially Fe3+, is challenging. Fe3+ is present only in 
acidic solutions (pH<3), where proton exchange can easily occur. These 
considerations may be relevant to the speciation of Fe in zeolites.

Recently, Yue et al. reported [44] a Cu-Fe combined system (Fe-Cu- 
SSZ-13), which is prepared using a 4-hour high temperature (600 ◦C) 
one-pot synthesis with activated diatomite as a silicon and iron source 
and a copper–amine complex as a structure-directing agent as well as a 
copper source. The Fe-Cu-SSZ-13 catalyst obtained exhibits excellent 
activity in NH3-SCR with a wide reaction temperature window (200 – 
500 ◦C) and good stability. Although, the combination of isolated Cu2+

and framework Fe3+ ions contributes to the improved performance of 
Fe-Cu-SSZ-13, the high copper loading may lead to the formation of 
CuOx and deactivate the catalyst. Moreover, Song et al.[16] studied Al- 
free Fe-beta as a robust catalyst for selective reduction of nitric oxide by 
ammonia, prepared via post-synthesis metallation, which exhibited su-
perior durability for NH3-SCR of NOx, and maintained over 90% con-
version at 673 K for over 400 h. They attributed its remarkable 
durability and catalytic performance to the absence of framework 
aluminium and the stabilisation of active iron species by the zeolite 
structure. The rôle of framework-Fe3+ or extra-framework-Fe3+ is still 
unclear, as some studies suggest that the Fe3+ in the framework may not 
contribute to the SCR reaction and its removal from the framework 
under high-temperature hydrothermal ageing could lead to framework 
collapse [45].

Following an earlier detailed study of NH3-SCR in the Cu-exchanged 
zeolite chabazite [46], here, we have investigated the NH3-SCR reaction 
at several active sites of the Fe-BEA system with Fe species at both 
framework and extra-framework cationic sites. Density functional the-
ory (DFT) within the quantum mechanical/molecular mechanical (QM/ 
MM) methodology (Fig. 1) is employed to elucidate reaction mecha-
nisms in Fe-BEA. Our study provides new insight into the NH3-SCR 
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reaction by understanding the chemistry of the Fe-BEA, especially the 
rôle of Fe species in the key steps of the NH3-SCR of NOx reaction.

2. Result and discussions

We used the hybrid QM/MM techniques available in the ChemShell 
software package [47–49], to perform QM/MM calculations, using DFT 
for the quantum mechanical (QM) region, employing a general-purpose 
thermochemical B97-2 [50] exchange and correlation functional. 
However, for specific studies such as the framework Fe reduction 
investigation, we explored two further popular “ab-initio” functionals, 
PBE [51] and PBE0 [52], to assess their ability to yield results closely 
aligned with experimental observations. We partitioned the QM region 
into two segments and employed a dual basis set strategy: ~25 atoms are 
in the innermost QM1 region, including the intermediates which are 
treated with the triple-ζ basis set def2-TZVP [53] while the outer QM2 
region (consisting of 64 atoms), is treated with a split valence with 
polarisation def2-SVP [53] basis set (see supplementary materials). QM 
cluster calculations were conducted using the GAMESS-UK [54] and 
NWChem [48] computational packages, whereas molecular mechanics 
(MM) simulations were performed employing the DL_POLY [55] and 
GULP software [56] using the Hill-Sauer Molecular Mechanical force-
field [57] with charges modified following the approach by Sherwood et 
al. [58]. Geometry optimisation of the QM/MM models was carried out 

using the DL-FIND library [59]. For the optimisation procedures, we 
employed a convergence criteria where the energy change between 
consecutive steps was less than 1.0 × 10− 6 eV, and the maximum force 
on each atom was below 1.0 × 10− 3 eV/Å. We have investigated several 
candidate catalytic sites for Fe species both in framework and extra- 
framework locations. Our study has two main components: first, we 
examine the Fe-AlF-BEA system, where aluminium (Al) serves as a 
framework cation and Fe as an extra-framework charge-balancing spe-
cies. Subsequently, we modify the system by substituting the framework 
Al with Fe. We then introduce extra-framework cations, specifically Fe 
and Cu cations as illustrated in Fig. 1, which allows us to investigate the 
adsorption and reaction energies of reactant and product species on 
three different active sites.

We performed DFT calculations using the B97-2 [50] functional to 
determine the most favourable location for Fe in BEA zeolites and found 
that extra-framework Fe ions are more stable in 12MR (facing the 5-MR) 
compared to 5MR and 6MR by an average of 0.25 eV (24.12 kJ/mol), 
which is also in good agreement with previous reports suggesting that 
the 12MR in BEA is a suitable site for an extra-framework cation 
[12,13,60] (Fig. 2). In addition, Corma and co-worker [61] emphasise 
that zeolite nucleation is primarily governed by local interactions, with 
thermodynamic considerations only becoming significant when activa-
tion energies are low enough to allow for competitive reactions, which 
suggests that during the early stages of zeolite formation, kinetic 

Fig. 1. The QM/MM embedding setup: the BEA cluster (centre) with a quantum mechanical region of Fe(III)-FeF-BEA, Fe-AlF-BEA, and Cu-FeF-BEA. The outermost 
region includes point charges to ensure the Madelung potential in the centre of the cluster is accurately reproduced. Atom colour codes: Fe (yellow), Al (green), Cu 
(brown), O (red), Si (yellow), and H (white). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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trapping of heteroatoms could indeed occur, influencing the distribution 
of heteroatoms within the framework. Furthermore, the role of organic 
structure-directing agents (OSDAs), as demonstrated by Navrotsky et al. 
[62], underscores the importance of kinetic factors in promoting 
different zeolite framework types. Hallaert et al. [63] investigated the 
nature and stability of α-Fe, and explored the binding of Fe(II) at cation 
exchange sites of 6MR in ZSM-5, zeolite beta, and ferrierite using DFT 
and multireference ab initio methods (CASSCF/CASPT2) and the results 
they obtained are in good agreement with the experimental DR-UV–Vis 
spectra reported by Snyder et al. [64]. Furthermore, Li et al. [65]
employed ab initio thermodynamic techniques to assess the stability of 
various Fe species within ZSM-5 with Si/Al ratio of 47, and concluded 
that mononuclear Fe site-local (FeO)+ is unaffected by the local envi-
ronment, whereas binuclear sites usually occupy the larger 8-MR γ site 
in the sinusoidal channel. Our study focused on the framework Fe 
reduction process, in which framework Fe(III) is reduced to Fe(II). To 
study the reduction potential of framework Fe3+ species in the BEA 
zeolite (Fig. 2), we used, as noted, three DFT functionals PBE [51], PBE0 
[52], B97-2 [50], and a def2-TZVP [53] basis set. All other active site 
components—any additional Si atoms that are first neighbours to the 
active site and all related linking oxygen atoms—are included in the QM 
zone that surrounds this central atom. Even though larger clusters are 
only required for larger molecules interacting with the whole channel, 
and may not be essential for such straightforward chemisorption pro-
cesses, nevertheless, we retain the large QM region (containing 89 core 
atoms, not counting terminal link H atoms) in this study as discussed in 
the QM/MM methodology section provided with the supplementary 
materials. To describe the reduced Fe2+ state, we protonated an O atom 
adjacent to the central Fe species. The reduction potential energy is then 
defined as. 

Ered(Fe3+/2+) =Etot(Fe2+ − BEA
)
−
[
Etot(Fe3+ − BEA

)
+½Etot(H2)

]
, (1) 

where Etot(H2) is the energy of the gas-phase hydrogen dimer.
Experimental voltammetry performed by Pérez-Ramrez et al. [66], 

produced very complex reduction potential spectra ranging from –0.75 
V (corresponding to − 72.36 kJ/mol per electron) (C7) to +0.65 V (C1). 
The standard electrode reduction potential for Fe3+/2+

red (Eo at 298 K/25 
◦C, 101 kPa/1 atm) is –0.771 V (i.e. − 74.39 kJ/mol per electron) [67]. 
We thus observe a lowering of the potential on Fe accommodated by the 
siliceous framework which might be attributed to the significantly lower 
framework polarisability compared to water. In the case of zeolites, the 
result obtained for the framework Fe3+/2+

red reduction potential in ZSM-5 
by Berger et al. [68] employing a hybrid QM/MM technique with a 
numeric atomic basis set shows a negative value of –0.18 eV (− 17.36 kJ/ 
mol) using a PBE functional. Our computed value of –0.36 eV (− 34.73 
kJ/mol) for Fe3+/2+

red for the same system (ZSM-5) using a PBE functional 
and triple-ζ basis set def2-TZVP [69] is lower than the value calculated 
by Berger et al. [68] which might be due to a more accurate larger QM 
and extensive active MM cluster employed here. Using the same 
computational set-up parameters, we obtained even lower values of 
–0.53 eV (–51.14 kJ/mol) for the BEA and –0.45 eV (–43.42 kJ/mol) for 
CHA zeolite systems. We then calculated the reduction energies of 
Fe3+/2+

red in BEA using the hybrid DFT functionals PBE0 and B97-2, and 
obtained even lower values of –0.95 eV (–91.66 kJ/mol) and –0.96 eV 
(–92.62 kJ/mol), respectively. Furthermore, we performed a similar 
study on zeolites CHA and ZSM-5 using B97-2 and found values of –0.78 
eV (–75.26 kJ/mol) and –0.62 eV (–59.82 kJ/mol), respectively. The 
value –0.62 eV (–59.82 kJ/mol) obtained for Fe3+:Vred (Fe3+/2+

red) ZSM-5 
is quite close to the experimental value (–0.7 V vs. SCE) [70]. The larger 
negative reduction potential energy observed in BEA zeolite (–0.96 eV) 

Fig. 2. Fe incorporation in BEA zeolite framework. The top panel shows Fe(II) species surrounded by the atoms included in the QM region and the bottom panel 
illustrates the reduction reaction of Fe(III) to Fe(II). Atom colour codes: Fe – yellow, O – red, and H – white. The SiO2 framework is represented with a wire motif. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(–92.62 kJ/mol) compared with ZSM-5 (–0.62 eV) (–59.82 kJ/mol) and 
CHA (–0.78 eV) (–75.26 kJ/mol) suggests a higher propensity for elec-
tron transfer and redox activity in the BEA system (see Table 1).

The average distances obtained in our optimised geometry for Fe 
(II)− O are 2.1 Å and 1.8 Å, and for Fe(III)− O are 2.02 Å, 1.8 Å and 1.79 
Å. Using EXAFS, Bordiga et al. [27] studied Fe3+ as a framework cation 
in silicalite and demonstrated that when the counterion is a proton 
(Brønsted site), the tetrahedral symmetry of Fe3+ is significantly dis-
torted showing long Fe− O bonds at 2.10 Å, and shorter bonds at 1.865 
Å.

Next, we study the adsorption properties of three different candidate 
active sites (namely Fe-AlF-BEA, Cu-FeF-BEA, and Fe-FeF-BEA) to un-
derstand their interactions with key small molecules (O2, NH3, H2O, NO, 
and N2); computational details are in the supplementary materials. In 
the case of the Fe-AlF-BEA system, the binding of O2, NH3, and H2O to 
the Fe(II) and Fe(III) of the Fe-BEA site is, as expected, calculated to be 
exothermic; in contrast, NO showed only weak interaction with both Fe 
(II) and Fe(III) (Fig. S1). Our results show that Fe(II) reacts exothermi-
cally with NO, consistent with experimental findings [71], although, NO 
adsorption on both Fe(III) and Cu(II) is found to be weak, as also indi-
cated by TPD data, which shows negligible NO adsorption on both Fe- 
and Cu-zeolite catalysts [72]. In Cu-FeF-BEA, NH3 strongly binds to 
exposed Cu(I) and Cu(II) sites. NO, on the other hand, is found to 
interact strongly with Cu(I) sites while weakly with Cu(II). Similarly, O2 
binds strongly to Cu(I) sites but unfavourably to Cu(II) sites (Fig. S2). 
After examining the properties of the Fe-AlF-BEA and Cu-FeF-BEA sites, 
we then studied the Fe-FeF-BEA system, which is of particular interest 
(Fig. S3). NH3 binds exothermically to Fe(II) and Fe(III) sites, while NO 
strongly adsorbs to Fe(II) sites but weakly to Fe(III) sites. We obtain 
similar results for O2, which binds strongly to Fe(II) sites and weakly to 
Fe(III) sites suggesting the key rôle of O2 in the reoxidation of Fe and Cu 
active sites.

The interaction of NH3 with active sites is investigated in more detail 
(Fig. 3): we study the binding of NH3 in the following order: first, the 
interaction with Fe Brønsted acid sites of the H-FeF-BEA system; second, 
the binding to the extra-framework cation of the framework Fe system 
(Cu(II)-FeF-BEA and Fe(III)-FeF-BEA); and framework Al system (Fe(III)- 
AlF-BEA). Indeed, as reported in our prior work [46] and other relevant 
literature [73–78], Cu zeolites exhibit strong interactions with NH3 and 
H2O molecules, leading to solvation of exchanged sites, particularly 
under low-temperature SCR conditions. The models presented in this 
study aim to investigate the Fe-framework system, focusing on the 
fundamental interactions between single adsorbate molecules and extra- 
framework cations in the presence of Fe within the lattice as has been 
done in related studies [79,80]. Subsequent studies will build on the 
present work to explore solvation effects in more detail. To balance the 
charges, extra-framework Fe(III) is bonded to two OH species while Cu 
(II) to one OH. Considering first the interaction of NH3 with Fe Brønsted 
acid sites (H-FeF-BEA system), which are often found in proximity to 
framework Fe cations, and are known to generate NH4

+ ions [81–83]
(Fig. 3), the formation energy of NH4

+ ions is calculated as –1.17 eV 
(–112.89 kJ/mol). The experimental data on the heat of adsorption of 
NH3 on zeolite Beta in the presence of framework Al (at 373 K) range 
from –1.03 (–99.38 kJ/mol) to –1.5 eV (–144.73 kJ/mol) for Brønsted 
acid sites [84,85]. The E2 (–1.14 eV) (–109.99 kJ/mol) signal usually 
associated with the ammonium formation has been reported by Hahn 

et al.[86] in close agreement with our calculated value. Next, we 
investigate the interaction of NH3 with extra-framework cations in Cu 
(II)-FeF-BEA, Fe(III)-FeF-BEA, and Fe(III)-AlF-BEA. Our calculations, 
summarised in Table 2 find that NH3 exhibits a significantly stronger 
binding affinity with framework Fe systems: the NH3 binding energy is 
–1.33 eV (–128.32 kJ/mol) to Cu(II)-FeF-BEA sites, compared to the 
reported heat of adsorption for ammonia on Cu-Beta of –1.14 eV 
(–109.99 kJ/mol) [87]. For comparison, our computed value of NH3 
binding with Fe(III)-AlF-BEA active sites is –0.86 eV (–82.97 kJ/mol) 
while with Fe(III)-FeF-BEA sites it is –0.95 eV (–91.66 kJ/mol), indi-
cating the stronger affinity of NH3 to the framework Fe systems.

Furthermore, our QM/MM calculations show NH3 adsorption on 
extra-framework Fe2+ results in adsorption energies of –1.50 eV (− 144 
kJ/mol) and − 1.06 eV (− 102 kJ/mol) for Fe(II)-FeF-BEA and Fe(II)-AlF- 
BEA, respectively. The calculated value − 1.06 eV (− 102 kJ/mol) for Fe 
(II)-AlF-BEA closely matches the value reported by Zhang et al.[88] on 
Fe-SSZ-13. Furthermore, Hahn et al. [89] investigated NH3 adsorption 
on Fe/HBEA, and the adsorption enthalpies resulting from their kinetic 
model (− 98.7 kJ/mol) and the differential scanning calorimetry 

Table 1 
Calculated Fe3+/2+ reduction potential energies for key zeolite systems. The 
experimental value for Fe3+/2+

red ZSM-5 reduction potential (–0.7 V vs. SCE) is 
taken from ref. [70].

Zeolite System PBE (eV) PBE0 (eV) B97-2 (eV) Experiment (V)

ZSM-5 –0.36 – –0.62 –0.7
BEA –0.53 –0.95 –0.96
CHA –0.45 – –0.78

Fig. 3. The adsorption energies of NH3 on different active sites in BEA zeolite 
including the Brønsted acid site. Atom colour codes: Fe (yellow), Al (green), 
Cu (brown), O (red), N (blue), and H (white). The SiO2 framework is repre-
sented with a wire motif. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)

Table 2 
The calculated QM/MM NH3 binding energies with various active 
sites of BEA zeolite.

Active site NH3 Binding Energy (eV)

H-FeF-BEA –1.17
Fe(III)-FeF-BEA –0.95
Fe(II)-FeF-BEA –1.50
Cu(II)-FeF-BEA –1.32
Cu(I)-FeF-BEA –1.47
Fe(III)-AlF-BEA –0.86
Fe(II)-AlF-BEA –1.06
Cu(II)-AlF-BEA –1.16
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(− 117.5 kJ/mol) results [89] also agree with our computed values. In 
comparison, the reported average experimental heat of adsorption for 
ammonia on Cu-Beta and Cu-CHA [90] is approximately − 1.03 eV 
(− 100 kJ/mol). However, these experimental values should be treated 
with caution, as metal-exchanged zeolites still contain a significant 
fraction of strongly adsorbing acid sites [91,92].

2.1. Catalytic cycle

Although Fe sites in NH3-SCR in Fe-based zeolites have been exten-
sively studied, there is continuing debate regarding the reaction 
pathway. At low temperatures, the NH3-SCR reaction typically follows 
the Langmuir-Hinshelwood mechanism, in which NH3 and NO bind to 
the active site and produce intermediate species that subsequently break 
down to produce H2O and N2. Here, we studied the energetics of the Fe- 
based active sites as introduced above including Fe-FeF-BEA, Fe-AlF- 
BEA, and Cu-FeF-BEA. Experimentally, switching between NH3 + NO 
and NO + O2 atmospheres enables the NH3-SCR redox cycle to be split 
and the oxidation step to be isolated from the reduction step (Fig. 4) 
[79]. Under NH3 + NO reductive conditions, the Fe(III)-BEA can be 
reduced to Fe(II)-BEA leading to the formation of nitrosamine species. 
The Fe(II)-BEA can then be re-oxidised as a result of the NO + O2 
oxidation process, and can generate nitrate species. The cycle in Fig. 4
including intermediates such as nitrate, nitrite and nitrosamine has been 
experimentally observed using DRIFTS (Diffuse Reflectance Infrared 
Fourier Transform Spectroscopy) experiments, as reported by Shi et al.
[93] and Zhang et al. on Fe-Beta [94], and Beale et al. [80] and Janssens 
et al. [79] for Cu-CHA and other workers [95–100].. Experimentally, in 
situ, Fe K-edge X-ray Absorption Near Edge Structure (XANES) and 
DRIFTS techniques were used to monitor the Fe3+ ↔ Fe2+ redox dy-
namics in Fe–zeolites [101–103]. We have, therefore, investigated each 
half of the catalytic cycle on the three active sites of the BEA zeolite 
computationally employing hybrid-QM/MM methodology.

2.2. Reduction of extra-framework cationic species

The introduction of NO in the presence of NH3 under SCR reaction 
conditions results in the reduction of metal sites as is evident from 

experiment [8,104]. We employed our hybrid QM/MM calculations as 
described in the supplementary materials to explore the reduction of the 
extra-framework cationic species [Fe(III) and Cu(II)] in zeolite Beta BEA 
(Table 3, Fig. 5) – as shown in the following equation for Fe(III) 
reduction. 

Fe(III) − (OH)2 +NO+NH3→Fe(II) − (OH) + N2 +2H2O. (2) 

We studied this process for three separate active sites as described 
above. First, we investigate the reduction of extra-framework Fe(III) in 
the Fe-AlF-BEA system. We started from the [Fe3+(OH)2]+ complex 
which is proposed to be the most stable species below 600 ◦C, according 
to calculations made by Schneider and co-workers of the phase diagram 
of mononuclear Fe species at isolated Al in CHA zeolites[25]. Three spin 
multiplicities for Fe (III) (singlet, triplet, and quintet) were initially 
investigated to identify the system’s most favoured spin state, with the 
high-spin quintet showing the lowest energy [8].

To generate NH3-M− OH species (where M is either Fe or Cu), NH3 
molecules are first adsorbed on the cation, and the binding energy in all 
three cases is found to be favourable. Next, NO reacts with NH3-M− OH 
species, forming NH3-M− HONO complexes. The calculated energies 
indicate that NH3-M− HONO formation is endothermic for all three sites, 
e.g., Fe(II)-AlF-BEA (0.21 eV/(20.26 kJ/mol)), Fe(II)-FeF-BEA (0.52 eV/ 
(50.17 kJ/mol)), and Cu(I)-FeF-BEA (0.11 eV/(10.61 kJ/mol)). Subse-
quently, NH3-M− HONO species undergo decomposition, giving rise to 
an important nitrosamine (NH2NO) intermediate which represents the 
reduction part of the cycle. As reported earlier, Cu2+-CHA reacts with 
both NO and NH3 and reduces Cu2+ to Cu+ while generating N2 and H2O 
as products leading to the formation of nitrosamine species (M− N(=O)– 

Fig. 4. Proposed catalytic cycle; yellow represents the reduction cycle and blue – the oxidation cycle. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)

Table 3 
The calculated QM/MM formation energies (eV) of the intermediates in the 
reduction part of the NH3 SCR catalytic cycle.

Reduced catalytic sites NH3-M− OH NH3-M− HONO (M− N(=O)–NH2)

Fe(II)-AlF-BEA –0.86 0.21 –0.51
Cu(I)-FeF-BEA –1.32 0.11 –0.72
Fe(II)-FeF-BEA –0.95 0.52 –1.15
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NH2) as is evident from both theoretical and experimental studies 
[46,79,80,105,106]. The computed formation energies of nitrosamine 
species on framework Fe sites, including Fe(II)-FeF-BEA (–1.15 eV/ 
–111.94 kJ/mol)) and Cu(I)-FeF-BEA (–0.52 eV/(–50.17 kJ/mol)), are 
more favourable than on Fe(II)-AlF-BEA (–0.51 eV/(–49.20 kJ/mol)). 
The collective impact of framework Fe sites is generally deemed ad-
vantageous, as exemplified by configurations such as Cu(II)-FeF-BEA and 
Fe-FeF-BEA. Notably, the Fe-FeF-BEA configuration slightly deviates 
from this trend, exhibiting lower favorability in the antecedent step of 
HONO formation when compared to counterparts like Cu(I)-FeF-BEA. 
Despite its diminished efficiency in the early stage of HONO formation, 
it is pertinent to recognise the overall advantage conferred by Fe 
framework systems including Cu(II)-FeF-BEA and Fe-FeF-BEA especially 
in the subsequent formation of nitrosamine species.

2.3. Oxidation of extra-framework cationic species

The adsorption of NO and O2 on Fe(II)-BEA can generate nitrite and 
nitrate intermediates which undergo decomposition to N2 and H2O; this 
half cycle of the NH3-SCR is, as noted, the oxidation part described in the 
following equation: 

Fe(II) − (OH)+2NO+O2 + NH3 → Fe(III) − (OH)2 + N2 +H2O+NO2

(3) 

The re-oxidation rate has been reported to limit standard SCR rates at 
low temperatures[8,107,108]. Recently, we have reported [46] for the 
Cu-CHA zeolite that the formation of nitrate species (an important in-
termediate in the oxidation part of the NH3-SCR cycle) is energetically 
more favourable on the solvated (NH3, H2O) Cu sites than in the absence 
of solvent molecules, demonstrating the positive influence of solvent on 
the oxidation component of the NH3-SCR cycle. Previous reports sug-
gested that gaseous NO2 reacts with the metal site to form a bidentate 

Fig. 5. (a) The reduction half cycle of the NH3-SCR process for three active sites: Fe(III)-AlF-BEA, Cu(II)-FeF-BEA, and Fe(III)-FeF-BEA, and (b) shows the optimized 
intermediates species both M− NH2NO (upper panel) and NH3-M− HONO (lower panel). M in the diagram represents the extra-framework metal site. Atom colour 
codes: Fe (yellow), Al (green), Cu (brown), O (red), N (blue), and H (white). The SiO2 framework is represented with a wire motif. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Formation of nitrate: (a) the corresponding energy landscape description and (b) the schematic representation of nitrate species formation on three active 
sites [Fe(III)-AlF-BEA, Cu(II)-FeF-BEA, and Fe(III)-FeF-BEA]. M in the diagram represents the extra-framework metal site. Atom colour codes: Fe (yellow), Al (green), 
Cu (brown), O (red), N (blue), and H (white). The SiO2 framework is represented with a wire motif. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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species—both nitrite and nitrate—a key component of the fast-selective 
catalytic reduction (fast-SCR) reaction [79,109,110].

To investigate the oxidation-half cycle (Fig. 6, Table 4), first, we 
study the activation of O2 over Fe(II)-AlF-BEA to generate O2-Fe(II)-AlF- 
BEA species. O2 molecules bind to Fe(II)-AlF-BEA species through the Fe 
(II) site with a binding energy of –1.26 eV (–121.57 kJ/mol). For the Fe- 
FeF-BEA system, we find the binding energy of O2 with the Fe(II) is 
–1.05 eV (–101.31 kJ/mol). We also studied the adsorption of O2 on the 
Cu(I) site of Cu-FeF-BEA system and computed a binding energy of –0.43 
eV (–41.48 kJ/mol). On all three sites, the process of O2 binding is 
exothermic with the most favourable sites being those with the extra- 
framework Fe site (Fe(II)-FeF-BEA, Fe-AlF-BEA). Subsequently, we 
modelled the formation of the intermediate nitrate species which is 
formed by the interaction of NO with the activated O2-Fe(II)-AlF-BEA 
species. We calculated the formation energy of the nitrate (M− NO3) 
intermediate, and the process is again investigated on the three separate 
active sites as shown in Table 4, and Fig. 6. As seen from the respective 
energy landscapes, the formation energy of nitrate species on Cu(II)-FeF- 
BEA (–1.87 eV/–180.42 kJ/mol) sites is more negative than the Fe-AlF- 
BEA (–0.12 eV/–11.57 kJ/mol) and Fe-FeF-BEA (–0.53 eV/–51.14 kJ/ 
mol). We find, therefore, that framework Fe systems, such as Cu(II)-FeF- 
BEA and Fe(III)-FeF-BEA, tend to promote the generation of nitrate 
species to a greater extent compared to framework Al systems like Fe- 
AlF-BEA. The reaction then further proceeds through NO coordination 
with nitrate, forming an intermediate complex followed by decompo-
sition of the complex to produce nitrite with the release of gaseous NO2. 
Next, NH3 reacts with the nitrite species and generates an intermediate 
species NH3-M− NO2

− with a formation energy of –0.56 eV/(–54.03 kJ/ 
mol) and –0.29 eV (–27.98 kJ/mol) for Cu(II)-FeF-BEA and Fe(III)-FeF- 
BEA, respectively, in comparison to –0.15 eV (–14.47 kJ/mol) of Fe(III)- 
AlF-BEA system.

2.4. Effect of ammonia solvation on Fe-FeF sites

Solvent molecules including water and ammonia are key compo-
nents of NOx-containing exhaust gases and their presence can lead to 
adsorption on transition metal sites, affecting the energetics of inter-
mediate species. Gao et al. [111] highlight the significant impact of NH3 
on the NH3-SCR process using Fe-BEA/CHA catalysts. They observed 
that the adsorption of NH3 on Fe sites not only facilitates the formation 
of ammonium nitrate and other essential intermediates but also lowers 
the activation energy required for NOx reduction, thereby improving the 
catalytic activity at lower temperatures. Some studies show that NH3 
helps to inhibit side reactions that could produce unwanted by-products 
such as N2O [45]. Importantly, the interaction between NH3 and Fe sites 
helps maintain the structural integrity of the catalyst under high- 
temperature conditions, which is essential for long-term industrial ap-
plications [111]. Additionally, NH3 significantly enhances the low- 
temperature activity of Fe-zeolite catalysts. In our recent study [46], 
we also found that the formation of nitrate species on Cu-CHA zeolite is 
energetically more favourable on solvated active sites than on bare sites 
which promotes the re-oxidation part of the NH3-SCR cycle. However, 
both water and ammonia inhibit the reduction part of the SCR cycle, as 
the formation of important intermediates like Cu-nitrosamine is less 
favourable on solvated sites.

We first study the reduction part of the NH3-SCR cycle on the 
ammonia-solvated site (Fig. 7, Table 5). Two ammonia (N-end) 

molecules are coordinated to each extra-framework Fe site including 
both Fe(II)-FeF and Fe(III)-FeF sites. The ammonia molecules are posi-
tioned 2 Å from the Fe extra-framework centre, with the protons ori-
ented away from adjacent oxygens and intermediate species to prevent 
artificial trapping in hydrogen-bonding interactions. It is important to 
note that hydrogen bonding with framework oxygen can significantly 
influence the chemistry at metal sites by affecting the binding of func-
tionally important Fe–NH3 units. To generate solvated NH3-Fe-FeF-OH 
species, NH3 molecules are adsorbed on the solvated cation, with the 
formation energy calculated as –0.01 eV/–0.96 kJ/mol. Next, NO reacts 
with NH3-FeIII-OH species, forming NH3-M− HONO complexes. The 
calculated energies indicate that the reaction energy forming NH3- 
M− HONO on the solvated Fe(II)-FeF-BEA site is highly exothermic 
(–2.03 eV/–195.86 kJ/mol), while endothermic for bare Fe(II)-FeF-BEA 
(0.52 eV/50.17 kJ/mol). Subsequently, NH3-M− HONO species decom-
pose, yielding an important nitrosamine (NH2NO) intermediate, which 
represents the reduction part of the cycle. We found that the formation 
of NH2NO species is unfavourable on the solvated site (1.23 eV/118.68 
kJ/mol) compared to the bare site (–1.15 eV/–110.96 kJ/mol) which 
also complements our previous report on Cu-CHA [46].

To investigate the oxidation-half cycle on the ammonia physisorbed 
Fe(II)-FeF sites (Fig. 8, Table 6), we first study the activation of O2 over 
physisorbed Fe(II)-FeF-BEA to generate O2-Fe(II)-FeF-BEA species and 
found binding energy of –1.12 eV (–108.06 kJ/mol) compared to the 
–1.05 eV (–101.31 kJ/mol) of the bare site. Subsequently, we study the 
formation of the important intermediate nitrate species which is formed 
by the interaction of NO with the activated O2-Fe(II)-FeF-BEA species. As 
seen from Table 6, the formation energy of nitrate species on solvated Fe 
(II)-FeF-BEA (–1.43 eV/–137.97 kJ/mol) sites is close to the formation 
energy on bare Fe(II)-FeF-BEA site (–1.58 eV/–152.45 kJ/mol). We find, 
therefore, that framework Fe systems, such as Cu(II)-FeF-BEA and Fe 
(III)-FeF-BEA, tend to promote the generation of nitrate species to a 
greater extent compared to framework Al systems like Fe-AlF-BEA. The 
reaction then further proceeds through NO coordination with nitrate, 
forming an intermediate complex followed by decomposition of the 
complex to produce nitrite with the release of gaseous NO2. Next, NH3 
reacts with the nitrite species and generates an intermediate species 
NH3-M− NO2

− with the formation energy of –0.61 eV (–58.85 kJ/mol) 
and –0.29 eV (–27.98 kJ/mol) for solvated Fe(III)-FeF-BEA and bare Fe 
(III)-FeF-BEA sites, respectively.

2.5. Vibrational spectra

We performed harmonic vibrational calculations for important in-
termediate species. For this study, we have employed the NWChem [48]
QM package to perform the vibrational calculations within the Chem-
Shell [48,49,112] environment while for the MM environment, we use 
GULP (General Utility Lattice Program) [56]. To account for the offset to 
the experiment, we scaled the calculated harmonic values using vibra-
tional scaling factors which are determined by comparing computa-
tional results with experimental data from a representative set of gas 
phase molecules; (details are in supporting information). For example, 
the scaling factor for N-Ostr of nitrosamine is 0.915, and for N-Nstr it is 
0.918, and that for the N-Ostr of nitrate is 0.943. Our main focus is to 
investigate nitrosamine M− N(=O)–NH2 (N-Ostr and N-Nstr) and biden-
tate nitrate M− NO3 (N-Ostr) species for which infrared vibrational bands 
are calculated for all three active sites (Fe-AlF-BEA, Cu-FeF-BEA, and Fe- 
FeF-BEA) (Table 7, Fig. 9), . In our previous report, we conducted a 
comprehensive vibrational study on Cu-CHA, scrutinizing intermediates 
that manifested during the SCR reaction [46,113]. Here, we place 
particular emphasis on the effects of Fe active sites in Fe-Beta, both 
within the framework and as extra-framework cations and their influ-
ence on the vibrational signatures of the intermediates.

First, we consider the Fe-AlF-BEA system. The QM/MM harmonic 
frequencies for the N-Ostr vibrational stretching band of the nitrosamine 
(M− N(=O)–NH2) species appear at approximately 1500 cm− 1. 

Table 4 
The calculated QM/MM formation energies (eV) of the intermediates in the 
oxidation part of the NH3 SCR catalytic cycle.

Oxidised catalytic site M− O2 M− NO3
− M− NO2

− NH3-M− NO2
−

Fe(III)-AlF-BEA –1.26 –1.38 –1.11 –0.15
Cu(II)-FeF-BEA –0.43 –1.87 –0.96 –0.56
Fe(III)-FeF-BEA –1.05 –1.58 –0.92 –0.29
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Experimentally, Piskorz and Urbanski [98] and Tarte [99] have found 
vibrational bands in the 1408 cm− 1 – 1486 cm− 1 range, attributing them 
to the N=Ostr frequency of nonassociated dialkylnitrosamine in 
nonpolar solvents such as CCl4. Kedrova et al. [100] have also investi-
gated the vibrational signatures of associated nitrosamine, identifying 
both N=Ostr bands in the range of 1470 cm− 1 to 1495 cm− 1 and N-N 
stretching (N-Nstr) bands at 1055 cm− 1 to 1060 cm− 1. Similarly, for N- 

Ostr of nitrosamine for Cu-FeF-BEA, and Fe-FeF-BEA are calculated to be 
1507 cm− 1 and 1509 cm− 1 respectively. Haszeldine and Jander reported 
a similar N=Ostr band at 1488 cm− 1 with strong intensity in the gas 
phase, consistent with their previously calculated frequency [97]. The 
N-N stretching frequency for the Fe-AlF- is calculated as 1235 cm− 1, 
compared to reported experimental values in di-N-nitroso- 
pentamethylenetetramine (1106 cm− 1) and nitrosodimethylamine 
(1052 cm− 1)[98]. The increase in calculated N-Nstr frequencies may 

Fig. 7. (a) The potential reaction-energy landscape for the reduction part of the NH3-SCR cycle on the solvated FeF-Fe BEA site; (blue) on bare-site, (green) with 
physisorbed ammonia, and (b) the optimized intermediates species (NH3-M− HONO and M− NH2NO) both solvated (upper panel) and (lower panel) without 
physisorbed ammonia. Atom colour codes: Fe (yellow), O (red), N (blue), and H (white). The SiO2 framework is represented with a wire motif. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 5 
The calculated QM/MM formation energies (eV) of the intermediates in the 
reduction part of the NH3 SCR catalytic cycle on bare and activated solvated sites 
Fe-FeF active sites.

Reduced catalytic sites NH3-M− OH NH3-M− HONO (M− N(=O)–NH2)

Solvated-Fe(II)-FeF-BEA –0.01 –2.03 1.23
Fe(II)-FeF-BEA –0.95 0.52 − 1.15

Fig. 8. (a) The potential reaction-energy landscape for the oxidation part of the NH3-SCR cycle on the solvated FeF-Fe BEA site; (blue) on bare-site, (green) with 
physisorbed ammonia, and (b) the optimized intermediates species (M− NO3

- and (M− NO2
- ) both solvated (upper panel) and (lower panel) without physisorbed 

ammonia. Atom colour codes: Fe (yellow), O (red), N (blue), and H (white). The SiO2 framework is represented with a wire motif. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 6 
The calculated QM/MM formation energies (eV) of the intermediates in the 
oxidation part of the NH3 SCR catalytic cycle.

Oxidised catalytic site M− O2 M− NO3
– M− NO2

– NH3-M− NO2
–

Fe(III)-FeF-BEA –1.12 –1.43 –0.76 –0.61
Fe(III)-FeF-BEA –1.05 –1.58 –0.92 –0.29
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stem from a combination of N-Nstr with N-Ostr and N-Hbend modes. In Cu- 
FeF-BEA and Fe-FeF-BEA, N-Nstr appears at 1192 cm− 1 and 1153 cm− 1, 
respectively. In addition to the N=Ostr and N-Nstr bands for nitrosamine 
species, we also examined the N–H bend. The computed value for the Fe- 
Al-BEA is at 1450 cm− 1, while for the Cu-FeF-BEA, and Fe-FeF-BEA sites, 
it is found at 1470 cm− 1 and 1489 cm− 1, respectively. Next, we focused 
on a bidentate nitrate (M− NO3) species and analysed the N=O vibra-
tional mode. Nitrate species typically exhibit four significant modes 
[114,115]. Our calculations revealed that the bidentate nitrate dis-
played the main N=O stretching frequency at 1623 cm− 1 for Fe-AlF-BEA 
which is in very good agreement with the experimental vibrational 
signature (1620 cm− 1) for the same system [116]. In comparison, the 
experimental N=O stretching frequency of ferric nitrate in Fe-ZSM-5 
also appeared in the same region of 1622 cm− 1 [109]. Furthermore, 
the calculated vibrational frequencies for the Cu-FeF-BEA, and Fe-FeF- 
BEA appeared at 1587 cm− 1 and 1613 cm− 1, respectively.

Our hybrid-QM/MM calculations provide valuable insights into the 
characteristic features of nitrosamine and nitrate species across several 
active sites (Fe-AlF-BEA, Cu-FeF-BEA, and Fe-FeF-BEA). The agreement 
between our calculated frequencies and experimental data lends 

credibility to our computational approach. Notably, the N-Ostr vibra-
tional stretching bands of nitrosamine exhibit distinct patterns in each 
system, allowing for the identification of unique spectroscopic finger-
prints. The variation in N-Nstr frequencies (for nitrosamine) across 
different active sites may be attributed to the interplay of N-Nstr with N- 
Ostr and N-Hbend modes. Additionally, our analysis of bidentate nitrate 
species reveals consistent agreement with experimental values, 
emphasising the accuracy of our calculations. Our computed vibrational 
intensity for the corresponding vibrational bands is also in good agree-
ment with experiment. These findings contribute to a comprehensive 
understanding of the vibrational characteristics of these important in-
termediate species, paving the way for further exploration and appli-
cation in catalysis.

3. Summary and conclusions

We have investigated the NH3-SCR of NOx reaction employing a 
hybrid QM/MM embedded technique over Fe-BEA catalyst. First, we 
have studied the reduction potential for extra-framework Fe3+/Fe2+ in 
the BEA zeolite and found that the process is feasible in the presence of a 
Brønsted acid site. Next, we investigated the interaction of NH3 with 
different active sites including the Brønsted acid of the framework FeF- 
BEA zeolite. The results show that NH3 exhibits a stronger binding af-
finity with framework Fe systems, including Cu(II)-FeF-BEA, Fe(III)-FeF- 
BEA, and H-FeF-BEA compared to framework Al systems (Fe(III)-AlF- 
BEA), emphasising the superior NH3 binding strength of framework Fe 
sites within the zeolitic structure. Furthermore, we find that framework 
Fe sites, including Cu(II)-FeF-BEA and Fe-FeF-BEA, promote the forma-
tion of nitrosamines and nitrate more effectively than framework Al site 
(Fe-AlF-BEA). In a separate study on solvated Fe-FeF active sites, it was 
observed that physisorbed ammonia inhibits the formation of certain 
intermediate species while promoting others during the reduction phase 
of the SCR cycle. However, the effect of physisorbed ammonia on the 
oxidation phase is negligible, closely following almost the same trend 
observed on the bare site. Through our computational analysis, we have 
accurately assigned key vibrational spectroscopic features associated 
with the important intermediates of the NH3-SCR catalytic cycle which 

Table 7 
Calculated vibrational bands of nitrate (–NO3) and nitrosamine (N(=O)–NH2). 
The assignment is based on calculated vibrational spectra and the analysis of the 
literature for important species shown in Fig. 4.

Vibrational mode Calculated IR mode 
(cm− 1)

Strength Ref.

N=O stretch 
(nitrate)

1623 (a), 1587 (b), 
1613 (c)

strong (a), strong (b), 
strong (c)

[95,96,116]

N=O stretch 
(nitrosamine)

1500 (a), 1507 (b), 
1509 (c)

strong (a), strong (b), 
small (c)

[97–100]

N–H bend 
(nitrosamine)

1450 (a), 1470 (b), 
1489 (c)

strong (a), medium 
(b), medium (c)

[117]

N–H strech 
(nitrosamine)

3619 (a), 3738 (b), 
3616 (c)

strong (a), strong (b), 
small (c)

[117]

N-N stretch 1235 (a), 1192 (b), 
1153 (c)

small (a), strong (b), 
strong (c)

[98,100]

[a] Fe-AlF-BEA [b] Cu-FeF-BEA [c] Fe-FeF-BEA.

Fig. 9. Computational QM/MM IR spectra (1000–3800 cm− 1) capturing signatures for − bidentate-nitrate (–NO3) above and − nitrosamine (–N(═O)–NH2) species 
below. Colour codes: Fe (yellow), Al (green), Cu (brown), O (red), N (blue), and H (white). The SiO2 framework is represented with a wire motif. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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closely agree with experiment. Overall, this new study on Fe-BEA zeolite 
helps the understanding of how framework Fe cations influence NH3- 
SCR reactions which can lead to more efficient Fe-based zeolite systems 
for controlling emissions.
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X. Jiang, J. Jiang, Mechanistic insights into the promotion of low-temperature 
NH3-SCR catalysis by copper auto-reduction in Cu-zeolites, Appl Catal B 322 
(2023) 122118.

[37] P.J. Smeets, J.S. Woertink, B.F. Sels, E.I. Solomon, R.A. Schoonheydt, Transition- 
metal ions in zeolites: coordination and activation of oxygen, Inorg. Chem. 49 
(2010) 3573–3583.

[38] A.M. Beale, F. Gao, I. Lezcano-Gonzalez, C.H. Peden, J. Szanyi, Recent advances 
in automotive catalysis for NO x emission control by small-pore microporous 
materials, Chem. Soc. Rev. 44 (2015) 7371–7405.

[39] A. Zecchina, M. Rivallan, G. Berlier, C. Lamberti, G. Ricchiardi, Structure and 
nuclearity of active sites in Fe-zeolites: comparison with iron sites in enzymes and 
homogeneous catalysts, Phys. Chem. Chem. Phys. 9 (2007) 3483–3499.

[40] S. Lai, Y. She, W. Zhan, Y. Guo, Y. Guo, L. Wang, G. Lu, Performance of Fe-ZSM-5 
for selective catalytic reduction of NOx with NH3: Effect of the atmosphere 
during the preparation of catalysts, J. Mol. Catal. A-Chem. 424 (2016) 232–240.

[41] C. Baes, R. Mesmer, T. Hydrolysis, of Cations,, Malabar, RE Krieger, Fla., 1976.
[42] P. Ratnasamy, R. Kumar, Ferrisilicate analogs of zeolites, Catal. Today 9 (1991) 

329–416.
[43] G. Berlier, G. Spoto, P. Fisicaro, S. Bordiga, A. Zecchina, E. Giamello, C. Lamberti, 

Co-ordination and oxidation changes undergone by iron species in Fe-silicalite 
upon template removal, activation and interaction with N2O: an in situ X-ray 
absorption study, Microchem. J. 71 (2002) 101–116.

[44] Y. Yue, B. Liu, P. Qin, N. Lv, T. Wang, X. Bi, H. Zhu, P. Yuan, Z. Bai, Q. Cui, One- 
pot synthesis of FeCu-SSZ-13 zeolite with superior performance in selective 
catalytic reduction of NO by NH3 from natural aluminosilicates, Chem. Eng. J. 
398 (2020) 125515.

[45] F. Gao, Fe-exchanged small-pore zeolites as ammonia selective catalytic reduction 
(NH3-SCR) catalysts, Catalysts 10 (2020) 1324.

[46] J. Abdul Nasir, J. Guan, T.W. Keal, A.W. Desmoutier, Y. Lu, A.M. Beale, C.R. 
A. Catlow, A.A. Sokol, Influence of solvent on selective catalytic reduction of 
nitrogen oxides with ammonia over Cu-CHA zeolite, J. Am. Chem. Soc. 145 
(2022) 247–259.

[47] Y. Lu, K. Sen, C. Yong, D.S. Gunn, J.A. Purton, J. Guan, A. Desmoutier, J.A. Nasir, 
X. Zhang, L. Zhu, Multiscale QM/MM modelling of catalytic systems with 
ChemShell, PCCP 25 (2023) 21816–21835.

[48] Y. Lu, M.R. Farrow, P. Fayon, A.J. Logsdail, A.A. Sokol, C.R.A. Catlow, 
P. Sherwood, T.W. Keal, Open-source, python-based redevelopment of the 
ChemShell multiscale QM/MM environment, J. Chem. Theory Comput. 15 (2018) 
1317–1328.

[49] P. Sherwood, A.H. de Vries, M.F. Guest, G. Schreckenbach, C.R.A. Catlow, S. 
A. French, A.A. Sokol, S.T. Bromley, W. Thiel, A.J. Turner, QUASI: A general 
purpose implementation of the QM/MM approach and its application to problems 
in catalysis, J. Mol. Struct. (Thoechem) 632 (2003) 1–28.

[50] P.J. Wilson, T.J. Bradley, D.J. Tozer, Hybrid exchange-correlation functional 
determined from thermochemical data and ab initio potentials, J. Chem. Phys. 
115 (2001) 9233–9242.

[51] M. Ernzerhof, G.E. Scuseria, Assessment of the Perdew–Burke–Ernzerhof 
exchange-correlation functional, J. Chem. Phys. 110 (1999) 5029–5036.

[52] C. Adamo, V. Barone, Toward reliable density functional methods without 
adjustable parameters: The PBE0 model, J. Chem. Phys. 110 (1999) 6158–6170.

[53] F. Weigend, R. Ahlrichs, Balanced basis sets of split valence, triple zeta valence 
and quadruple zeta valence quality for H to Rn: Design and assessment of 
accuracy, PCCP 7 (2005) 3297–3305.

[54] M.F. Guest*, I.J. Bush, H.J. Van Dam, P. Sherwood, J.M. Thomas, J.H. Van 
Lenthe, R.W. Havenith, J. Kendrick,, The GAMESS-UK electronic structure 
package: algorithms, developments and applications, Mol. Phys. 103 (2005) 
719–747.

[55] W. Smith, C. Yong, P. Rodger, DL_POLY: Application to molecular simulation, 
Mol. Simul. 28 (2002) 385–471.

[56] J.D. Gale, A.L. Rohl, The general utility lattice program (GULP), Mol. Simul. 29 
(2003) 291–341.

[57] J.R. Hill, J. Sauer, Molecular mechanics potential for silica and zeolite catalysts 
based on ab initio calculations. 1. Dense and microporous silica, J. Phys. Chem. 
98 (1994) 1238–1244.

[58] A. de Vries, S. Collins, S. Greatbanks, N. Burton, M. Vincent, I. Hillier, Computer 
simulation of zeolite structure and reactivity using embedded cluster methods, 
Faraday Discuss. 106 (1997) 79–92.
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