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ABSTRACT: As emission standards continue to tighten, there is a
critical need for more selective and efficient methods to remove
NOx from the exhaust of lean-burn engines. Currently, the
predominant method employed for NOx removal is through
selective catalytic reduction (SCR) using ammonia as a reducing
agent. Typically, Fe- and Cu-exchanged CHA catalysts (Fe-SSZ-13
and Cu-SSZ-13) are used, but much less is known about Fe-SSZ-13
as compared to Cu-SSZ-13, which has been extensively
characterized via experimental and computational techniques. In
this work, density functional theory (DFT) calculations were
performed to determine the most likely adsorption complexes that
form within the six- or eight-membered rings (6MR or 8MR) of
Fe-SSZ-13. We examine both Fe2+ (as [Fe(OH)]+) and Fe3+ (as
[Fe(OH)]2+) as the possible active sites. Based on our results, the
most energetically favorable site lies initially within the 6MR. However, with the addition of adsorbates, we find that the 8MR
sites become more energetically favorable. Our results show, for an Fe2+ cation, that the most stable configuration occurs within
the 8MR, where NO is coadsorbed on Fe with an OH ligand. For an Fe3+ cation, the lowest energy configuration occurs when
NO adsorbs directly onto Fe within the 8MR without interacting with the OH ligand. The vibrational frequencies of
chemisorbed NO were also calculated and compared with the experimental IR spectra. The experimental values for such
frequencies agree well with the DFT-calculated values, except for Fe2+(NO)2. We anticipate that this improved understanding of
the structural and electronic features of Fe-SSZ-13 will be useful for the future determination of the underlying SCR reaction
mechanism on Fe-SSZ-13.

1. INTRODUCTION

“Lean-burn” engines offer improved fuel economy as compared
to engines operating with stoichiometric air-to-fuel ratios.1

However, this increased efficiency comes at a cost, as harmful
nitrogen oxides (NOx) are major pollutants in the exhaust
from these engines.2 As such, removing NOx is a challenge in
“lean-burn” engines.1,3 As is well-known, these species can be
removed through selective catalytic reduction (SCR) with
ammonia, which is a reaction between NO, NO2, and O2
oxidants and an NH3 reductant to form N2 and H2O. Copper-
exchanged SSZ-13 (Cu-SSZ-13), which is a zeolite with the
chabazite (CHA) structure, shows excellent activity and
selectivity toward the formation of N2 in the SCR of NOx
with NH3.

4,5 This has prompted studies of Cu-SSZ-13 via both
experimental and computational techniques to elucidate the
fundamental chemistry that is responsible for both its activity
and its selectivity.4,6−20 Iron-exchanged zeolites (most notably

Fe-ZSM-5) have also been extensively studied as SCR catalysts
for removing NOx.

21 Recently, Fe-based exchanged CHA
catalysts (Fe-SSZ-13) have started to receive a significant
amount of attention. One of the first investigations on such
materials was performed by Gao et al., who characterized and
benchmarked their SCR performance.22 They concluded that
Fe-SSZ-13 could be used as a co-catalyst with Cu-SSZ-13 for
SCR after-treatment, based on its high temperature activity and
stability after hydrothermal aging.23 They further concluded
that NH3 inhibition (which could be understood in two ways:
(1) NH3 binds with Fe centers strongly; and (2) Fe ions are
trapped in the +2 oxidation state, because of the reduction by
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NH3) in Fe-SSZ-13 results in an improved high-temperature
performance. This Fe/Cu-SSZ-13 co-catalyst was demonstra-
ted to have high activity and excellent N2 selectivity because of
the synergistic effects between Cu and Fe.24,25 It was also
reported that N2O formation was significantly reduced upon
the addition of Fe to a Cu-SSZ-13 sample.25 Furthermore,
trimetallic Ce−Fe−Cu-SSZ-13 was also reported to be a
promising candidate for NH3−SCR technology because of the
further synergistic effects of Cu, Fe, and Ce species.26

The complementary advantages and synergistic effects of
these types of catalysts attract more and more attention.
However, much less is known about the basic chemistry of Fe-
SSZ-13, such as the location of the Fe cation within the SSZ-13
framework and the location of the active site, as well as the
underlying reaction mechanism. It is fundamentally important

to study the geometric and electronic structural characteristics
of Fe-SSZ-13. Experimentally, the coordination chemistry of
Fe cations in ion-exchanged Fe-SSZ-13 was characterized via
infrared (IR) spectroscopy, using CO and NO probe
molecules.27 It was concluded that Fe2+ cations lying in the
6MR position can readily adsorb both CO and NO, but cannot
form dinitrosyl or trinitrosyl complexes with NO. However,
Fe2+ cations in the 8MR sites can form both dinitrosyl and
trinitrosyl complexes. Gao et al. performed UV-vis, electron
paramagnetic resonance (EPR), and Mossbauer spectroscopy,
as well as temperature-programmed reduction and desorption
experiments on Fe-SSZ-13 and concluded that the majority of
the Fe species are extra-framework Fe3+ species ([Fe(OH)2]

+

and [HO−Fe−O−Fe−OH]2+).28 Kovarik et al. studied the
effect of hydrothermal aging on Fe-SSZ-13 using spectro-

Figure 1. (a) Local structure of Fe+-SSZ-13 with Fe in 6MR, 8MRO14, and 8MRO24 sites. The distances between the Fe cation and the
framework O anions in Å are listed in the figure. ΔG(700 K) is the Gibbs energy difference with respect to the Gibbs energy of the conformation
with Fe in the 6MR site at 700 K. (b) Fe K-edge XANES of clean ZFe with Fe in the 6MR, 8MRO14, and 8MRO24 sites. (c) K-edge XANES of a
Fe atom/cation in box with oxidation state of 0, +1, +2, and +3. The inset shows the structure of Fe atom/cation in a 10 Å × 11 Å × 12 Å box.
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scopic, microscopic, and kinetics methods and concluded that
[HO−Fe−O−Fe−OH]2+ dimers are highly stable species.29 A
characteristic comparison study between Fe-SSZ-13 and Fe-
beta also indicate that isolated and dinuclear Fe sites are
primarily present in Fe-SSZ-13 while Fe-beta contains a high
concentrations of oligomeric FexOy species.

30 In an effort to
further understand the atomic structure and active sites of Fe-
SSZ-13, we systematically study the location of the Fe cations
within the SSZ-13 framework via DFT calculations in this
work. Furthermore, we characterize the interaction of NO with
Fe-SSZ-13 by comparing our computational results to the
corresponding experimental IR spectra.

2. COMPUTATIONAL DETAILS
The DFT-based calculations of the energetics were performed
using the Vienna Ab Initio Simulation Package (VASP).31,32

The projector augmented-wave (PAW)33,34 method was used
to project the pseudo core−electron wave functions onto the
atomic centers using the projection sets released prior to
2012.35 The generalized-gradient approximation (GGA), using
the PW91 functional,36 was employed for the treatment of the
exchange-correlation effects. The total energy convergence
threshold was set to 10−8 eV, and the geometries were
considered to be fully relaxed when the forces were <0.01 eV/
Å. An energy cutoff of 400 eV was used for the determination
of the plane-wave basis set. Γ-point sampling was used to
sample the Brillouin zone in all our calculations.
As is well-known, the SSZ-13 zeolite belongs to the CHA

structure, which consists of 4-membered rings (4MR), 6-
membered rings (6MR), and 8-membered rings (8MR) of Si
and O atoms within the framework. A detailed structural
model can be found in our previous work.8 In all calculations, a
rhombohedral unit cell was employed. In order to obtain an
accurate equilibrium volume, we followed a three-step
procedure, which is detailed in the Supporting Information.
For the purely siliceous chabazite, this procedure gives an
equilibrium rhombohedral volume of 813.1 Å3, which has been
reported in our previous work.8 In a rhombohedral unit cell,
one Si atom can be replaced by one Al atom, which results in a
one-electron deficit because the number of valence electrons in
Si and Al are 4 and 3, respectively. An Fe cation can then be
used to compensate for this electron deficiency. This zeolite is
usually indicated as ZFe. Similarly, the replacement of two Si
atoms by two Al atoms would also create cationic iron,
indicated as Z2Fe. The entire ZFe and Z2Fe systems are charge
neutral and the Fe cation has a formal oxidation state of Fe+ in
the ZFe system and Fe2+ in the Z2Fe system. The only
calculations where the entire system is positively charged are
those given in Figure 1c for Fe+, Fe2+, and Fe3+, where we
considered an isolated Fe cation in a box. The calculated
equilibrium volumes of ZFe and Z2Fe are 810.5 and 828.8 Å3,
respectively. As for the molecular adsorption calculations, the
unit cells of the H2O conformation in ZFe and Z2Fe
(H2O_ZFe and H2O_Z2Fe) have equilibrium volumes of
820.9 and 818.3 Å3, respectively. It is found that the adsorption
of H2O increases the unit cell of ZFe while it decreases in
Z2Fe. The corresponding volume−energy plots are displayed
in Figure S1 in the Supporting Information. Other adsorbates
were studied using the lattice constants identified for the Fe-
SSZ-13 conformations with H2O. The adsorption energies
(Eads) were calculated by using the following equation:

= − −E E E Eads tot ZFe mol (1)

where Etot, EZFe, and Emol are the total energies of ZFe in the
presence of molecular adspecies, clean ZFe, and the isolated
molecules in gas phase, respectively. In this work, we also
discuss the Gibbs energy difference ΔG, which is the Gibbs
energy difference for various configurations, with respect to a
reference. The one with a ΔG value of 0.00 eV is the reference.
We calculated the Gibbs energy by using the harmonic
oscillator approach. In addition, to compare the relative
stability of an Fe+ cation in ZFe and an Fe2+ cation in ZFeOH,
we also constructed a phase diagram for the formation energy
of ZFeOxHy conformations by using the following equations:
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The calculation of the theoretical K-edge XANES of Fe in Fe-
SSZ-13 was performed using the CASTEP code,37 as reported
in our previous works.8,38 CASTEP uses a plane wave basis set
and ultrasoft pseudopotentials. When the XANES calculations
were performed, ultrasoft pseudopotentials were generated on
the fly,40 where one electron was removed from the 1s core
level when performing the core-hole calculations. Furthermore,
since the core-hole effect has a significant influence on the core
level spectra, we took it into account in our calculations.41 The
Brillouin zone was sampled with a (5 × 5 × 5) k-point grid. An
energy cutoff of 550 eV was used for the determination of the
plane-wave basis set, and a GGA-PBE39 exchange-correlation
functional was used in these XANES calculations. We also
applied an energy broadening with an instrumental smearing of
0.6 eV (using the Gaussian method) and lifetime broadening
of Fe with a value of 1.55 eV when calculating the XANES
spectra.40 For more details on the XANES calculations, we
refer the reader to our previous work.8

3. RESULTS AND DISCUSSION
3.1. ZFe in the Presence (and in the Absence) of

Adsorbates. Similar to what was found for the Cu cations in
Cu-SSZ-13,8 there are three possible locations for the Fe
cations, namely, the 6MR, 8MRO14, and 8MRO24 sites, as
shown in Figure 1. Detailed information regarding the
definition of such sites can be found in our previous work.8

We find that Fe in the 6MR site was 3-fold coordinated with O
atoms, where Fe is bonded to an O2 oxygen atom with an Fe−
O bond length of 2.120 Å and with two O3 atoms with Fe−O
bond lengths of 2.112 and 2.075 Å, respectively. The Fe atoms
in both 8MR sites are 2-fold coordinated with O atoms. In the
8MRO14 site, the Fe−O bond lengths are 2.023 and 2.065 Å,
while they are 2.043 and 2.057 Å for Fe in the 8MRO24 site.
Comparing the properties of Fe in different positions, we find
that the 6MR site is the most thermodynamically favorable.
The 8MRO14 and 8MRO24 sites are slightly less favorable,
with Gibbs energy differences of 0.39 and 0.44 eV, respectively,
at 700 K as compared to the 6MR site. The plots of the Gibbs
energy, as a function of temperature, are shown in Figure S2 in
the Supporting Information, as well as the H2O_ZFe,
OH_ZFe, O_ZFe, and NO_ZFe conformations.
Figure 1b displays the theoretical Fe K-edge XANES of clean

Fe+-SSZ-13 with Fe in the 6MR, 8MRO14, and 8MRO24 sites.
There is a pre-edge in the Fe K-edge for both the 8MR sites,
which is not present in the XANES when Fe is in the 6MR site
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and may be due to the different coordination number of Fe in
the 6MR and 8MR sites. We also find that the intensity of the
XANES for Fe in the 6MR site is weaker than that of Fe in the
8MR sites. The XANES edge position of Fe in the 6MR,
8MRO14, and 8MRO24 sites are 7116.79, 7116.68, and
7116.74 eV, respectively. These results indicate that the Fe
cations in these different sites are in similar oxidation states.
However, they have different feature peaks. As we previously
reported for a Cu cation in SSZ-13,42 the feature peaks are
determined not only by oxidation state but also by local
environment. To deconvolute the ligand environment effect
with the oxidation state of the cation, we calculated the
XANES of an isolated Fe atom/cation with a varying oxidation
state. When comparing Figure 1b to Figure 1c, we see that the
XANES features for the Fe+ cation in different coordination
environments differ significantly to an isolated Fe+ cation,
further demonstrating the importance of taking into account
the ligand environment when interpreting the XANES features.
Similar results for Cu atoms/cations are shown in Figure S3 in
the Supporting Information.
The adsorption of atomic or molecular species on the active

site of the ZFe conformation modifies the electronic and
structural properties of the system, thus affecting its catalytic
properties. Upon H2O adsorption, it is found that the 8MR
sites become more favorable than the 6MR site, where the
Gibbs energy differences of the 8MRO14 and 8MRO24 sites,
with respect to the 6MR site, are −0.26 and −0.21 eV,
respectively (see Figure 2). The adsorption energies of H2O on

the Fe+ cation in the 8MRO14 and the 8MRO24 sites are
−1.41 and −1.57 eV, respectively, which are stronger than that
of Fe in the 6MR (adsorption energy of −0.71 eV). For Fe in
the 6MR, the adsorption of H2O pulls the Fe cation out of the
6MR plane. Although the coordination number of Fe is still 3,
the Fe cation is now bonded to two framework O atoms and
the O atom in the H2O molecule. For Fe in the 8MR sites, the
adsorption of H2O changes the coordination number of Fe to
3 as compared to 2 for the clean Fe+-SSZ-13 conformation. For
all three sites of Fe, the H atom of the adsorbed H2O molecule
interacts weakly with the framework O atoms, where the
nearest distances between H and framework O are 1.868,
1.817, and 1.731 Å for Fe in the 6MR, 8MRO14, and
8MRO24 sites, respectively.

In our previous work on Cu-SSZ-13,8 the adsorption of OH
and O species increase the oxidation state of Cu. In this
contribution, we adsorbed OH and O on ZFe with Fe in the
6MR, 8MRO14, and 8MRO24 sites. The local structures of
OH and O adsorbed on ZFe are displayed in Figure 3. Upon

OH and O adsorption, the energy differences between Fe in
the 8MR and 6MR sites almost disappear, meaning that the
thermodynamic stabilities of OH and O, when bonded to the
different Fe sites, are almost identical within the ZFe
conformation. The large negative adsorption energies of OH
and O on Fe reflect their very strong interaction with Fe. We
note that the adsorption energies for an O atom were
calculated with respect to half the total energy of an O2
molecule.
As can be seen by examining Figure 4, the Fe K-edge

positions in the simulated XANES vary significantly in the
presence of OH and O as compared to that of the clean ZFe
conformation. In the presence of OH and O, the Fe K-edge
positions shift to higher-energy values of 0.97 and 1.97 eV,
respectively. This shift quantitatively demonstrates that OH
and O will oxidize Fe to higher oxidation states. In addition,
the adsorption of OH and O results in a pre-edge peak at a
photon energy of ∼7113 eV in the Fe XANES K-edge.
The adsorption behavior of NO on ZFe is also important,

not only because NO is one of the main reactants of the SCR
reaction but also because NO can used as a probe molecule to
study the coordination environment of metal-exchanged

Figure 2. Local structures of H2O adsorbed in an Fe+-SSZ-13
conformation with Fe in the 6MR, 8MRO14, and 8MRO24 sites. The
distances between the Fe cation and the framework O anions in Å are
indicated in the figure, as well as the Gibbs energy differences and the
adsorption energies as defined in eq 1.

Figure 3. Local structures of (a) OH and (b) O adsorbed in a ZFe
conformation with Fe in the 6MR, 8MRO14, and 8MRO24 sites. The
distances between the Fe cation and the framework O anions are
indicated in the figure, as well as the corresponding Gibbs energy
differences and adsorption energies. The color coding for the other
spheres and the given distances have the same meaning as in Figures 1
and 2.
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cations in different oxidation states.27 The adsorption of NO
results in the 8MR sites to become more favorable, similar to
when water interacts with it. Furthermore, as can be seen in
Figure 5, the NO stretching frequency decreases as compared

to its gas-phase value of 1896 cm−1, when it binds to an Fe+

cation. As a result, its N−O bond length also increases.
Because of the instability of Fe+ cations, there are no IR peaks
observed experimentally for Fe+-NO in Fe-SSZ-13.27

In Figure 6, we have constructed a phase diagram to
compare the stability of the Fe+ and Fe2+ conformations that
we have considered so far. We find that H2O prefers to adsorb
on a Fe+ cation in the ZFe conformation for a wide range of
temperatures. However, all Fe+ conformations are less stable
than the Fe2+ conformations. Therefore, [Fe2+(OH)]+ (low
temperature) and [Fe2+O]+ (high temperature) cations will be
the more stable Fe cations in Fe-SSZ-13. In addition, the Fe
cations always prefer the 8MR upon the adsorption of
adspecies.
3.2. Z2Fe in the Presence (and the Absence) of

Adsorbates. As mentioned above, Fe2+ cations can be
generated by replacing two Si atoms with two Al atoms. We
systematically studied the possible locations of an Fe2+ cation
in Z2Fe, as well as possible relative positions of the two Al
atoms, as shown in Figure S4 in the Supporting Information.
From this analysis, similar to that observed for Cu2+ in SSZ-

13,7,11,43 we conclude that the Fe2+ cation in the 6MR with an
AlSiSiAl arrangement is the most favorable conformation,
which is consistent with the work of Göltl et al.44 However, a
symmetrical Fe cation arrangement is reported to be the global
minimum in the work of Göltl et al.,44 i.e., Fe bonded to the
four activated O atoms, which differs from what is reported
here. On the other hand, Göltl et al. used a PBE functional and
a slightly different unit cell as compared to ours (we put the
atomic positions of our Z2Fe structure and the unit cell used in
the Supporting Information). To determine which structure is
the true global minimum, we reoptimized our Z2Fe structure
using the PBE functional, but did not change our unit-cell
vectors. We then compared the total energy of that structure to
the symmetrical one reported by Göltl et al., i.e., using the PBE
functional and the unit-cell vectors as given in that
contribution.44 When comparing the energies of both
structures, we find that the local arrangement as given in
Figure 7b is slightly more favorable, by ∼0.04 eV as compared

to the symmetrical one reported by Göltl et al.44 As such, the
Z2Fe structure, as given in Figure 7, is the global minimum, but
this conclusion depends sensitively on the choice of unit-cell
vectors. We also note, as discussed in the previous section, that
OH can oxidize an Fe+ cation to an Fe2+ cation and summarize
the differences between these two types of Fe2+ cations in
Figure 7.
The adsorption of NO and NH3 on an Fe2+ cation was also

characterized from first principles. As such, we systemically
tested several possible conformations of NO adsorbed on Fe2+

cations in ZFeOH and Z2Fe, which can be found in Figures S5
and S6 in the Supporting Information. Figure 8 shows the most
favorable conformation for the adsorption of NO on Fe2+

Figure 4. K-edge XANES of ZFe in the presence of OH and O,
compared to a clean ZFe conformation with an Fe cation in a 6MR
site.

Figure 5. Local structures of NO adsorbed in the ZFe conformation
with Fe in the 6MR, 8MRO14, and 8MRO24 sites. The distances
between the Fe cation and the framework O anions in Å are indicated
in the figure, as well as the Gibbs energy differences and N−O stretch
frequencies.

Figure 6. Phase diagram for ΔGf, as a function of temperature at
standard pressure of H2O and O2, according to eq 3 for
conformations of clean ZFe, H2O_ZFe, OH_ZFe, and O_ZFe. We
highlight the most favorable configuration for the Fe+ and Fe2+

conformations by thicker lines.

Figure 7. Most favorable conformations of the two types of Fe2+

cations in Fe-SSZ-13.
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cations in ZFeOH and Z2Fe. It is found that these two types of
Fe2+ cations have similar NO adsorption energies. However,
the N−O stretch frequencies are very different on the two
types of Fe2+ cations. As compared to the N−O stretch
frequency in the gas phase of 1896 cm−1, the adsorption of NO
in ZFeOH decreases its value to 1835 cm−1, while it increases
its NO stretch frequency to 1905 cm−1 when it adsorbs on an
Fe2+ cation within the Z2Fe conformation. This result implies
that OH greatly influences the NO stretch frequency. As for
the interaction of NH3 with Fe2+ cations, the most favorable
conformations are shown in Figure 9. The other possible

adsorption conformations of NH3 on Fe2+ cations can be
found in Figures S7 and S8 in the Supporting Information. It is
found that the adsorption energy of NH3 is weaker than that of
NO on Fe2+ cations. This means that the adsorption of NO
can block the adsorption of NH3, since both participate in the
SCR reaction.
3.3. [Fe3+(OH−)]2+ Species and NO Adsorption. More

interestingly, it is experimentally reported that the major
monomeric and dimeric Fe species are [Fe(OH)2]

+ and [HO−
Fe−O−Fe−OH]2+ in Fe-SSZ-13.28 This implies that OH plays
a critical role in the redox chemistry of Fe cations. As a result,
we characterized the relative stabilities of [Fe3+(OH−)]2+

species in Fe-SSZ-13. We tested eight possible
[Fe3+(OH−)]2+ conformations in Fe-SSZ-13, which are
shown in Figure S9 in the Supporting Information. The
most favorable structure occurs in the 6MR with an AlSiSiAl

distribution. Upon the adsorption of NO, the stability of each
conformation is displayed in Figure 10, with the corresponding

structures given in Figure S10 in the Supporting Information.
Unsurprisingly, the most favorable site for NO adsorption is
when the Fe cation is within the 8MR. The adsorption of NO
changes the relative favorability of the 6MR and 8MR
structures, where the 8MR site is more favorable than the
6MR upon the adsorption of NO, while the 6MR is more
favorable in the absence of NO. The most unfavorable
configuration occurs when NO is adsorbed onto an O site in
the 8MR.

3.4. Comparison between the Computational and
Experimental Results of the NO IR Spectra. In order to
understand the experimental IR results under different NO
pressures,27 we studied the coadsorption of two and three NO
molecules on Fe cations, as shown in Figure 11. Here, we

mainly compare the NO stretch frequencies when NO is
coadsorbed with an OH functional group that is bonded to an
Fe2+ cation, since OH groups were experimentally determined
to be present.28 Note that the adsorption of a second NO
molecule does not occur within the 6MR site. As such, we only
consider the adsorption of multiple NO when the Fe cation is
within an 8MR. When multiple NO molecules are adsorbed
onto Fe, the vibrational frequencies are nowhere near identical,

Figure 8. Adsorption of NO on Fe2+ cations in the ZFeOH and the
Z2Fe conformations. The adsorption energies and the N−O stretch
frequencies are given beneath the images in the figure.

Figure 9. Adsorption of NH3 on two different Fe2+ cations (the
ZFeOH and Z2Fe conformations). The adsorption energies are shown
beneath the images in the figure.

Figure 10. Relative energies (eV) of different optimized config-
urations of the [Fe3+(OH−)]2+ species in the 6MR, 8MRO14, and
8MRO24 structures with different distributions of Al atoms.

Figure 11. Structures of two and three NO molecules adsorbed on an
Fe2+ cation in a ZFeOH conformation. The calculated NO
frequencies are shown beneath the images in the figure.
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since one can have symmetric and antisymmetric stretching
modes. In Table 1, we compare the experimental and

computational results side by side. The experimental values
for the NO stretch frequencies agree well with the DFT-
calculated values, with the exception of Fe2+(NO)2. For
Fe2+(NO)2, neither of the calculated values match closely to
the experimentally determined band at 1771 cm−1 which was
assigned to the Fe2+(NO)2 species. Further investigation is
needed in order to better explain this discrepancy.

4. CONCLUSION
In conclusion, we systematically studied the structural
properties of Fe cations in Fe-SSZ-13 via DFT calculations.
It is found that the most energetically favorable site for Fe
occurs when it is located in the 6MR site while the 8MRO14
and 8MRO24 sites are less favorable with energy differences of
0.46 and 0.52 eV, respectively, with respect to the 6MR site.
We find a pre-edge feature in the K-edge XANES of Fe in clean
Fe+-SSZ-13 when Fe is in an 8MR site while there is no pre-
edge peak when Fe is in a 6MR site, which is qualitatively
similar to what we found for Cu-SSZ-13.8 Upon the adsorption
of H2O, OH, and O, the energy differences between Fe in the
8MR and 6MR sites almost disappear, which means that the
thermodynamic stability of molecularly adsorbed Fe+-SSZ-13 is
almost identical for Fe in different sites. Again, this result is
similar to what we found on Cu-SSZ-13.8 We then examined
both Fe2+ (as [Fe(OH)]+) and Fe3+ (as [Fe(OH)]2+) as
possible active sites. Based on our results, the most
energetically favorable site initially is the 6MR; however,
with the addition of adsorbates, the 8MR will become more
favorable. As such, our results show, for Fe2+, that the most
stable configuration occurs within the 8MR where NO is
coadsorbed on Fe with an OH ligand. As for the Fe3+ cation,
the lowest energy configuration is achieved when NO adsorbs
directly onto Fe within the 8MR without the interacting with
the OH ligand. The properties of chemisorbed NO were
studied by calculating their corresponding vibrational
frequencies, which could be compared with experimental IR
spectra. The experimental values for such frequencies agree
well with the DFT-calculated values, except for Fe2+(NO)2.
Interestingly, the presence of OH groups seems to be

important for Fe-SSZ-13. We also note that O binds much
more strongly to an Fe+ cation than it did for a Cu cation.8,10

Furthermore, as shown in Figure S10 in the Supporting
Information, we found several adsorption configurations where
the O−H bond breaks and the H atoms binds to an adjacent O

atom within the zeolite framework. As such, a natural question

here is whether the adsorbed OH groups that are bonded to

the Fe cations could act as Brønsted acid sites, as was recently

found to be the case in the condensed phase on Fe single-

crystal surfaces.45 If this turns out to be the case, then the

underlying SCR mechanism should be notably different to

what was found on Cu-SSZ-13.19,20
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