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The current fast selective catalytic reduction (fast-SCR) technology shows an effectiveness of converting the diesel engine

generated nitrogen oxides NOx to environmentally benign nitrogen (N2) with the aid of the precious metal catalyst platinum.

Driven by previous finding of the low-cost mullite’s great superiority over Pt in term of NO oxidation, a series of Mn-based

oxides Sm(Y, Tb, Gd, Lu)Mn,0s

materials are synthesized to identify a general descriptor to govern the catalytic

performance. Utilizing soft X-ray absorption characterization and molecular orbital theory, here, we show that catalytic

activity difference presents little dependence on the 3d electron occupancy when varying A site element (Sm, Tb, Y, Gd, Lu).

Instead, strong p-d hybridization between lattice O and octahedral Mn leads to weak bonding strength between external O*

and pyramid Mn and essentially increases the catalytic behavior of converting NO to NOa.

1 Introduction

The focus on diesel exhaust control has been on emissions of the
nitrogen oxides (NOx) and particulate matter (PM) due to their
sizable contribution to global warming and human res- piratory
problems .12 Fast selective catalytic reduction (fast-SCR)
technology was developed to convert NOx into Nz in the presence
of excess oxygen, O2.2 The chemical principle of fast-SCR is to
break down urea to provide ammonia which further reacts with
NO+NO2+0:2 and produce water and N2.45 The NOx in the diesel
exhaust is composed of ~90% NO, it is therefore critical to
oxidize NO so that the reduction reaction reaches its maximum
rate via fast SCR. So far, precious metal platinum (Pt) is widely
used to drive the NO oxidation with a high efficiency (60% at
300 °C).® Due to the high price and limited abundance of Pt, it is
an ecnomic challenge to implement increasing Pt concentration
in diesel after-treatment systems. Thus, catalysts with low cost,
greater abundance and high thermal durability for NO oxidation
are strongly desirable. A significant amount of work has been
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undertaken in search for possible catalysts based on transition
metal oxides.”® Kim et al have synthesized strontium doped
perovskites, Lao.eSro.1Co(Mn)Os, showing superior performance
to Pt-based catalyst.” In the continuous searching for highly
active oxide catalysts, Wang et al have recently presented a new
class of hydrothermally stable, mixed-phase oxide materials
rooted in Mn-mullite AMn20s (A=Sm,Gd).’® These mullite
oxides demonstrate an activity at temperatures as low as 75 °C
and has a ~45% increasein NO oxidation catalytic performance
over Pt at 300 °C.

In order to design better catalysts according to current mullite
oxides, a catalytic descriptor, i.e. d-orbitals related characters
determining catalytic NO oxidation, should be urgently
identified. Proposed in Nerskov’s d-band theory, for precious
metals d-band center basically controls the catalytic activity via
bonding strength between the incoming molecules and the
precious metal surfaces.** The d-band theory could be extended
to perovskite oxide for oxygen reduction (evolution) reactions,
i.e. ORR (OER).*213 They discovered that eg-orbitals filling and
the orbitals hybridization between O-2p and Mn-3d are the key
factors to manipulate the catalytic behaviour. Nevertheless, their
findings might not be directly applied to the Mn-based mullite
oxides stemming from much more complicated crystal structures
in which Mn atoms present two different types of Mn-O ligand
fields: octahedral (Mnoct) and square pyramid (Mnpyr).
Additionally, the physical relationship between the catalytic
mechanism and the p-d hybridization is still unknown for both
Mn-based mullites and perovskites. In our previous work, we
proposed the perceptive Mnpyr-Mnpyr dimer as an active site.°
But, further fundamentally d-band
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SmMMn20s, YMn20s, TbMn20s, GdMn20s and LuMn2Os,

respectively. (f-j), The HRTEM images of corresponding nanoparticles.

related general descriptor is not accessible to illustrate the
catalytic behaviour. In this work, we combine soft X-ray
absorption spectrum (XAS) and density functional theory (DFT)
calculations to identify a general descriptor, i.e., p-d orbitals
hybridization strength between lattice O (Obuk) and the Mnqct,
governing NO oxidation on mullite (AMn20s) with a variation
of A site elements (Sm, Y, Tb, Gd, Lu). Such intrinsic
relationship between fundamental molecular orbitals and
catalytic performance provides insights to future rational design
oxide-based catalysts.

2 Methods

For our experiments, we prepared the pure mullite powders
through  hydrothermal  methods (See  Supplementary
Information). The DFT calculation was performed by using
Vienna ab initio simulation package (VASP). The generalized
gradient approximation (GGA) with exchange-correlation
function of Perdew, Burke and Ernzerhof (PBE) was chosen.'4
For transition metal Mn, psuedopotential with electron
configuration of 3d®4s! was chosen. For f-elements such as Sm
(415 6s?), psuedopotential with part of frozen f-electrons was
selected. For instance, the psuedopotential of Sm3* was
generated by keeping 5 f-electrons frozen in the core.’® A
(2%x4x8) Monkhorst-Pack k-point grid was adopted and the
energy cutoff was set to be 400 eV. In the structure relaxation,
the maximum force on each atom was converged to 0.001 eV/A.
A (2x1x1) unit cell is selected and the collinear spin
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approximation of the magnetic structure was adopted according
to the reference work (See Supplementary Information).®

3 Results and discussion

The X-ray diffraction (XRD) spectra confirm the pure mullite
crystalline in orthorhombic phases with space group of Pbam
(See Supplementary Information, Figure S1). The transmission
electron microscope (TEM) shows that the nanoparticles shapes
are irregular and the average size of the nanoparticles is ~60 nm
in all five samples Sm(Y, Th, Gd, Lu)Mn2Os (Figurel(a-e)). The
high-resolution TEM images reveal the lattice plane of (211),
(211), (110), (001) and (120) of Sm(Y, Th, Gd, Lu)Mn20s
nanostructures as labelled in Figure 1(f-j), respectively. Thus the
Sm(Y, Th, Gd, Lu)Mn20s powder all consists of randomly
crystallized nanoparticles without unique morphological
properties, which might not cause a major difference in the
catalytic efficiency of Sm(Y, Tbh, Gd, Lu)Mn20s. The BET
surface area measurement exhibits an average surface area of
~56.9 m?/g (See Supplementary Information) with a small
deviation of 6.34 m?/g.

The NO-to-NO2 conversion of powder mullite Sm(Y, Tb, Gd,
Lu)Mn20s is evaluated by calculating the ratio between the
produced NO: and the inlet NO, as shown in Figure 2. At the
operating temperature of 300 °C, all the mullite oxides reach
their maxima of catalytic activity in a sequence of SmMn20s >
LuMn20s > YMn20s > TbhMn20s > GdMn20s. The GdMn20s
and LuMn20s could act more effective in the temperature region
from 150 °C to 200 °C. Arising from the small surface area
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difference should stem from the intrinsic properties when A site
elements are varied in mullite oxides A(Sm, Y, Th, Gd,
Lu)Mn20Os.
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Fig. 2 NO conversion versus the ramping temperature for the
Sm(Y, Tb, Gd, Lu)Mn205.

To identify the catalytic descriptor, inspired by previous
pervoskite work in OR(E)R,*? we investigate how the 3d electron
occupation and the p-d hybridization between the O and Mn
atoms impact catalytic activity of NO-to-NO2 conversion. The
DFT calculation is performed on a (2x1x1) unit cell as shown in
Figure 3(a) to determine the 3d orbitals occupation of Mnoct and
Mngyr. The calculated average individual magnetic moments for
Mnoct and Mnpyr are about 2.85 ps and 2.23 us in AMnN20s
systems. For well-studied TbMn2Os, our simulation shows
identical density of states (DOS) and projected density of states
(PDOS) of Mnoct and Mnpyr (Figure 3(b)) comparing with
previous reports.'%1” And Sm(Y, Gd, Lu)Mn20Os presents similar
d-band shapes as TbMn20s. To be more specific, in Figure 3(c),
the ground-state high-spin configured Mnoct and Mnpyr could be
regarded as t, and (d%.d},.d},d%) respectively. The d, orbital
has strong bonding with O-2p orbital in regards to tzg orbitals.
Thus, d,2-band filling is crucial to govern the Mn-O* interaction.
As the Fermi level locates above d,2 orbitals of Mnpyr in Sm(Y,
Th, Gd, Lu)Mn20s oxides, thus the d,2 band fillings are all unit
here (Figure 3(c)). This specific occupancy is superior for
oxygen to interact with Mn on catalyst surfaces when either
capturing or releasing external atomic O* (Figure 3(d)).*?
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Fig. 3 (8) A2 x1x1 AMn;0s unit cell. (b) the total and projected
density of states of Sm(Y, Th, Gd, Lu)Mn,Os. The Eg is set at zero
energy. (c) the high-spin d-band configuration of the Mnee: and Mnpy,

(d) the square pyramid ligand field and the possible strong
interaction between the O* and the d2 orbital

Experimentally, the XAS Mn-L edge absorption spectra
(Figure 4(a)) are obtained by measuring the transition from
occupied Mn-2p core levels to the unoccupied 3d states, which
is sensitive to the Mn valence. For different mullite Sm(Y, Tb,
Gd, Lu)Mn20Os, the normalized spectra exhibit similar shapes in
Mn-Ls peak, indicating same average Mn valence i.e. same d-
band filling. Thus, in terms of the eq filling or d-band occupation
based on both DFT calculations and XAS spectra, the Sm(Y, Tb,
Gd, Lu)Mn20s are supposed to present close performance in the
NO conversion. However, according to the catalytic efficiency
shown in Figure 2, the NO conversion differs when the A-site
rare-earth atom is changed. Therefore, d-band filling might be
insufficient to describe the catalytic difference among various
Mn-based mullite with only A-site changing.

When transition metal is bonding with oxygen, sulfur, chlorine
and etc, the pre-edge features in XAS O(S, Cl)-K edge spectra
reflects the anion p orbitals character mixed in metal d orbitals.'®
1821 Thus, the p-d hybridization which demonstrates the
wavefunction overlap between the Mn-3d and Obuik-2p orbitals
in the Sm(Y, Tb, Gd, Lu)Mn20s could be characterized by the
O-K edge absorption spectra.'® All the spectra are normalized to
the O atomic absorption at ~560 eV. The broad peak from ~540
eV to ~555 eV is the excitation from Opuik-1s to the A-d (A=Sm,
Y, Th, Gd, Lu) and Ovuk-2p hybrid orbitals. The pre-edge peaks
(527 eV ~ 537 eV) are contributed by the transition from Opuik-
1s to the Mn-3d and Ovwuk-2p hybrid orbitals. The p-d
hybridization strength (6?) could be quantified by the absorption
intensity of the pre-edge region after subtract the linear
background,*®® which could be illustrated by the following
equation:
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in which the hole represents the ligand holes with corresponding
symmetry.1® As the d-orbital occupations (ligand hole amount)
are same in Sm(Y, Tb, Gd, Lu)Mn20s, the hybridization strength
can be obtained by integrate the peaks area in the XAS spectra.
In Figure 4(b), after normalized to 555 eV the absorption
intensity at the pre-edge region decreases from 1.56, 1.49, 1.46
t01.40, 1.36 in the sequence of SmMMn20s5> LuMn20s5> Y Mn20s
> ThMn20s> GdMn20s. This observation is well consistent with
the NO conversion efficiency (Figure 4(c)). The peak at around
~533 eV reveals the major difference in the absorption spectra,
which is identified as the hybridized region of Mnoct-eg and Opuik-
2p according to the Gaussian fitting in Figure 4(d). The d-band
splitting sequence is determined from the DFT calculation results
(See Supplementary Information). The energy differences
between the fitting peaks are quantified by splitting energy
(evaluated by Dq) which results from the Mn-O bond length. In
the range from 1.90 to 2.02 A, the 10 Dq value varies from 2.6
to 2.0 eV.?2 As the average Mn-O bond length in Sm(Y, Tb, Gd,
Lu)Mn20s is 1.92 A, the 10 Dq value in our work is set to 2.5 eV
and the calculated and fitted peak center difference (labelled as
a-d in Figure 4(d)) is summarized in Table 1. As a result, such p-
d hybridization could act as the catalytic descriptor for Mn-based
mullite oxides.
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Fig. 4 Soft X-ray absorption (XAS) spectra of Sm(Y, Th, Gd, Lu)Mn,
Os. (a) XAS Mn-L edge absorption spectra, normalized to Mn-L3
peak. (b) XAS O-K edge absorption. The shaded area represents the
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pre-edge and the peak around ~533 eV, which contribute by the Mnoct
-eg4 orbitals, causes the major difference in absorption spectra. (c)
The p-d hybridization strength versus the NO
conversion rate. (d) Spin-splitting d-band alignment and the
corresponding O-K edge XAS. The XAS spectra are Gaussian fitted
and the fitted peak centers are verified by calcu- lating the ligand
splitting energy in Table I.

Based on previous study, the NO conversion includes two
steps, in which the Oz would be firstly broken into two O* by
Mnpyr-Mnpyr dimmer and then the NO would interact with one
O* forming NO2 molecule.'® The rate limit step is formation of
mono-dentate Mn-nitrate from the bi-dentate Mn-nitrate with an
energy barrier of ~0.9 eV. During this elementary transition
process, the key is how to release O* from Mnpyr site to form
mono-dentate Mn-nitrate and finally produce NO2. Thus, a
moderate O*-Mnpyr bond strength is critical for the NO
conversion.

Table 1. Calculated and fitted peak center differences
labelled in Figure 4(d).

Dq Calculated (eV) Fitted (eV)

a 10 2.50 2.63

b 3.1 0.78 0.73

c 4.6 1.15 1.03

d 13.7 3.43 2.96
Weak Mn, -0y,
hybridization Mn,,-Mn,,, dimmer

o
Next Chain

One Chain o J—,
Opui2p  Feriiicieienees -"+----...'Z:-,Weak bonding..-.x‘.‘— 0"-2p
Mny-d,» e
0' .._'.
o i Next Chain_ Strong bonding

Mn, Mn, Ouuk Mn, Mn

YT pyr pyr

Strong Mn,-O, i

hybridization
Fig. 5 Schematic diagram of the connection between the Mngg-
3d and Opuik-2p hybridization and the desorption of the O*. The
energy of the d2orbital could be modulated by the hybridization
between Mno-3d and Opuik-2p, Which consequently results in
tunable bonding strength between Mnyy, and O*.

As schematically shown in Figure 5, we proposed the
mechanism how the external O* reaction with Mnpyr is impacted
by the Mnoct-3d hybridizing with its neighbor bulk O- 2p when
A site element differs. In the mullite crystal structure Mnoct and
Mnpyr are in a chain of Mngy,—Obu.k—Mant —Obu.k—Mnﬁy, along
b direction (See Supplementary Information) Figure S2). The
Mnpyr-Mnpyr dimmer which breaks the O2 molecule into O* is
formed by the neighboured Mnpyr ions in two continuous chains
(Figure 5). Especially, the electrons could hop within the sub-
chain of Mn ly, —Opy—Mn Im without violating Hund’s rule.?® As

This journal is © The Royal Society of Chemistry 20xx
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an electronegative center, the Opuik between the Mnlyr and
MngCt attracts electrons from both sides and the Mn covalence is
largely influenced by Mnoct-3d and Opu-2p hybridization.?
Thus the hybridization between the Opuik and the MngCt here will
strongly influence the electronic properties of I\/Ingyr due to the
close connection between these two Mn ions. In XAS O-K edge
absorption spectra, a relative weak intensity in Mnoct-3d-eg peak
implies weak hybridization between Mnoct-3d and Opuik-2p. In
such a way, the electrons become more localized on the Mnoct
atoms and the Obuk-2p has more overlap with the Mnpyr to
compensate. Consequently the electron on the d,2 orbital (Mnpyr)
which is closest to the Er (See Figure 3(d)) would be drained
leading to the energy lifting of the d,2 orbital. As the d,2 orbital
strongly interact with O*-2p orbitals, such energy lifting could
result in the increase of the bonding strength between O* and
Mnpyr as shown in Figure 5, increasing the difficulty to release
O*. Oppositely, when the hybridization between Mnoct-3d and
Obuk-2p is strong, the electrons are more iterant and the
interaction within the O* and Mnpyr turns to be weaker. The weak
O*-Mnpyr bonding helps the catalyst surface to readily release O*
and essentially form NO2(g). Thus, to further enhance the active
behaviour of the mullite-based catalyst, it is critical to refine the
p-d hybridization strength between Mnoct (Mnpyr) and Opuik (O%)
through doping more (less) reactive elements in the period table.
Specifically, doping on Mnoc-site with more reactive 4+
elements (Mn’s left in the transition region of the period table)
results in the less bonding strength between Mnpyr and O*. And
the same goal could be obtained via direct doping Mnpyr with less
reactive 3+ elements (Mn’s right or down in the transition region
of the period table).

4 Conclusions

In conclusion, we claim that the p-d hybridization between the
Obuik and the Mnoct could be a proper descriptor in predicting the
catalytic activity of Mn-based mullite oxides (AMn20s) in NO-
to-NO2 conversion. A more active performance could be
expected through doping Mnoct and Mngyr sites and essentially
refining p-d hybridization strength between O*-Mnpyr. The
moderate O*-Mnpyr bonding strength, stemming from the unit d,2
orbital filling and right p-d hybridization, could be potentially
promising for OR(E)R reactions for the applications of water-
splitting, fuel cell, Li-air batteries design and etc.
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