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Note S1. Calculation Method

Periodic DFT calculations were carried out in the VASP code!, using the Perdew-Burke-
Ernzerhof (PBE) functional with the generalized gradient approximation (GGA)?. The project-
augmented wave (PAW) method was used to represent the core-valence electron interaction.> On
the plane wave basis, an energy cutoff of 450 eV was employed. The Broyden method was
employed for geometric relaxation until the maximal forces on each relaxed atom were less than
0.05 eV/A. Here, a series of rutile-type transition metal oxides (MnO,, RhO,, RuO,, MoO, and
NbO,) were selected, the (110) surface of which were molded with four layers with a vacuum layer
of 15 A. During optimization, the bottom two layers of the slab were fixed and the top two layers
and adsorbates were fully relaxed. A p(3x1) surface slab with a corresponding 2x3x1 k-point mesh
was used. A constrained optimization scheme was used to search the transition state (TS). In order
to correct for the on-site Coulomb effect of some transition metal oxides in GGA functional, the
GGA+U approach was used here. The effective U value was set to 1.6 eV for the Mn-3d orbital of
MnQO,.> ¢ In addition, the experimental studies showed that the ground state for MnO, is
antiferromagnetic, thus an antiferromagnetic helical spin arrangement was imposed in all our
calculations.”®

The adsorption energies of adsorbates X on active sites were calculated with an equation: E,4(X)
= Eysut — Esut — Ex, Where Ey, Eq,r and Ey,f represent the total energies of adsorbate X in the gas
phase, clean surface and the surface with adsorbate X, respectively. The more negative E,q(X)
means the stronger adsorption of the adsorbates X on the active sites. Notably, in the NH3;-SCR
system, the adsorption energy of the key intermediate NH, (E,4s(NH,@M)) and formation energy
of Oy, vacancy (EAOy,c)) are tested as activity descriptors, corresponding to describe the reactivity
of metal site and Oy, on the metal oxides, respectively. The formation energy of oxygen vacancy
(E£AOyac)) was calculated by the equation E(Oy,e) = 0.5%E, + E ¢ .. — E . where Egp Eqprvac
and £, are the total energies of clean surface, the surface with Oy, and O, in the gaseous phase,
respectively. Following this definition, the larger E/(O,,) corresponds to the more difficult
formation of Oy, or reflecting the stronger metal-Oy,; bond to some extent. After calculating the
adsorption energies of all adsorbates X on metal oxides (£,qs(X@j), where X and j represent the
adsorbates X and active sites, respectively), as well as the barrier (£,) and enthalpy change (AH) of
each elementary step in NH;-SCR, NHj oxidation and NO oxidation as shown in Scheme S1, we
correlated them with E,q(NH,@M) or £(Oy,c) to examine their correlations and found a series of
linear relationships. These linear relationships are discussed in detail in the manuscript, which
shows the basic chemical trends of metal oxides.
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Fig. S1 Structure of rutile-type metal oxide (110) surface.



Scheme S1. Mechanisms of NH;-SCR (orange), NH; oxidation (blue) and NO oxidation (green) on
metal oxides. * and # represent metal site and O,,., respectively, and O# is the lattice Op.
E.as(NHy@M) and E(O,,) are selected as descriptors to describe the metal site and Oy,

respectively.
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Note S2. Discussion for H removal process assisted by O,(S)#

Originally, we considered the reaction O,(S)# + HO# — HOO# + O#, where O,(S)# is the most
stable p,-bridged O, adsorption mode on O,,.. However, as shown in Fig. S2a, this reaction exhibits
a weak correlation between the H-transfer barrier (£,) and O,,. formation energy (£/(Oyac)). To
probe the origin of this weak scaling, we analyzed the adsorption trends and found that
E,4s(02@0y,c) and E,yqs(H@O),,) exhibit opposing dependencies on £(Oy,.): stronger O, adsorption
is accompanied by weaker Op,—H binding (Fig. S2b). This implies that when O, binds too strongly
to Oy, it becomes less reactive toward hydrogen abstraction—i.e., the rate-limiting step shifts from
H transfer to the structural rearrangement of O,(S)# itself.

To decouple these effects, we introduced an intermediate adsorption configuration, O,(I)#, where
one O atom occupies Oy,. while the second points outward (Fig. S2¢). This allows us to separate
the full H-removal process into two steps: (i) the structural transformation O,(S)# — O,(I)#, and
(i1) Oo(I)# capturing an H from Oy,:H group, O,(D)# + HO# — HOO# + O#.

For step (i), good linear relationships were observed: £, = 0.27*E(Oy,) + 0.49 and AH =
0.35*%E{Oy,c) —0.18 (Fig. 2d). These trends indicate that the energy cost to activate O,(S)# increases
with its stronger binding, supporting the idea that structural rearrangement dominates the barrier in
this regime. In step (ii), where O,(I)# abstracts an H from Op—H, we also observed linear
correlations: E, = -0.25*FE{Oy,.) — 1.07 and AH = -0.42*E{O,,.) + 0.62. This reveals that H
abstraction becomes more favorable with higher £(O,,.), i.e., when Oy,—H binding is weaker. Thus,
the linearly adsorbed O,(I)# serves as a more suitable reactive configuration for establishing
meaningful activity—descriptor relationships, as it avoids the distortions imposed by overly stable
O,(S)# species.
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Fig. S2 (a) Scaling relations for the energy barrier (£,) of the step (O,(S)# + HO#— HOO# + O#)
as a function of E{Oy,.). (b) Scaling relations for the adsorption of O, on Oy, (E,4s(O2@0yac)) as a
function of E{Oy,). (c) Different O, adsorption configurations on Oy,e.



Note S3. Linear Relationships for NH; oxidation

Based on the NH; oxidation mechanism (see blue part in Scheme S1),'¢!8 we extended this
mechanism to rutile-type metal oxides (MnO,, RhO,, RuO,, MoO, and NbO,), and correlated the
calculated energies (E, and AH) with E,45(NH,@M) or EHO,,.) to examine their dependencies. A
series of linear relationships for NH; oxidation on rutile-type oxides were obtained.

First, for the process of NH; dissociation to N atom, two oxidative species (the lattice Oy, and the
O species adsorbed on metal site) were considered to drive the reaction. As shown by Fig. S3a and
Fig. S3b, it can be found that £, and AH of the Oy,-assisted dehydrogenation of NH;*, NH,* and
NH?* increase with the increase of E{Oy,c) — Eags(NH@M). This indicates that NH; hydrogenation
to form N atoms becomes more difficult when E(O,,.) is larger or E,4s(NH,@M) becomes more
negative. Similarly, NHj dissociation into N atoms assisted by the O species adsorbed on metal site
(O*) also becomes more difficult with the increase of the metal-site binding strength (more negative
E.4s(NH@M)), as evidenced by the decreasing trend of £, and AH when E4(NH,@M) becomes
positive (see Fig. S3c and S3d).

Second, for the subsequent N-N coupling step to form N,, the negative slopes of the linear
relationship, E, = -0.54*F,s(NH,@M) — 0.84 (Fig. S3e) and AH = -2.72*E,s(NH,@M) — 11.01
(Fig. S3f), show that this N-N coupling process becomes more difficult as the metal-site binding
strength increases (more negative E,4s(NH,@M)). Similarly, both E, and AH of the N-O and N-NO
coupling steps, forming NO and N,O, respectively, also increase as E,q(NH,@M) becomes more
negative, indicating that these coupling processes are more challenging on metal sites with stronger
binding strength.



(a)

E: (V)

(c)

Es(eV)

1.5

NHz* + O# — NH:* + HO#
NHz* + O# — NH* + HO#
NH* + O# — N* + HO#

R?=0.95

2 4 6 8
Ef(Ovac) - Eads(NHZ@M) (eV)
[m] NHs* + O* — NHz* + HO*
1.24 NHz* + O* — NH* + HO*

R?=0.83

0.4 NH*+ O* = N* + HO*
-3.5 -3‘.0 -2,5 -2.0 -1‘.5 -1.0
Eads(NH2@M) /eV
2.5
N*+ 0* — NO* + *
204 (] N*+ NO* — N2O™ + *

N* + N* — N2* + *

R2=0.71

25 20
Eads(NH2@M) /eV

-3.0

(b)
0.5 NH=* + O# — NHz* + HO#
RZ=0.94
044 R2=0.73
% m}
T 0.00 O NH* + O# — NH* + HO#
<]
0.4
O
-0.8
NH" + O# — N* + HO#
A2l : : :
2 4 6 8
EAOuac) - Eaas{NHz@M) (eV)
(d) 1.5
o NH:* + OF — NHz* + HO*
10 NH:z* + O* — NH* + HO*
R2=0.75
051
>
2
I 0.0-
<
0.5
,170_
s NH* + O — N* + HO"
T35 30 25 20 15 1.0
Esas(NH2@M) (V)
f 2
N* + 0% — NO* +*
N* + NO* — NoO* + *
0 N* + N* — Nzt +
-8 . : : :
-3.5 -3.0 -25 2.0 -1.5 -1.0
Eaas(NH2@M) (eV)

Fig. S3 Scaling relations for NH;3 oxidation as a function of E(Oy.) — Eas(NH,@M) or
E.is(NH;@M). (a, b) The calculated barrier (E,) and enthalpy change (AH) of the O,-assisted NHj
dehydrogenation to form an N atom, NH;* + O# — NH,* + O#, NH,* + O# — NH* + O# and NH*
+ O# — N* + O#. (c, d) The calculated £, and AH of the NH; dehydrogenation to form an N atom
assisted by the O species adsorbed on metal site, NH;* + O* — NH,* + O*, NH,* + O* — NH* +
O* and NH* + O* — N* + O*. (e, f) The calculated E, and AH of N* + N* — N,* + * N* + O*
— NO* + *and N* + NO* — N,O* + *. The points from left to right are MnO,, RhO,, RuO,, MoO,
and NbO,, respectively. * and # represent the metal and O, sites on metal oxides, respectively, O#
is the lattice Oy,



Note S4. Kinetic details
According to the De Donder relation'?, the net rate for elementary step i in terms of the forward
rate constant, k;, the coverage of the reactant on two different sites (* represents Mns, site and

represents Oy, site), 8(j), and the reversibility, Z;, can be written as

r=k[[0G)"(1-2) (Eqn-S1)

where Z; = [16(G) /K,
as step becomes in quasi-equilibrium. K, ;is the equilibrium constant of step 7, determined by the

4> Which approaches zero as step i becomes irreversible and approach unity
standard Gibbs free energy change of the reaction, K, ; = exp(-AG/RT). v; are the stoichiometric
coefficients for the j reactants or products of step i. Z; can be solved by following the steady state
condition. In our microkinetic model, we can solve the kinetic equations together with the condition
that the total coverage of all species on metal site or the lattice Oy, is equal to 1 ML, respectively.
Then, the overall rate of the reaction can be calculated.

Notably, the collision theory'! was used to estimate the barriers (E£,) of gas-phase molecule
adsorption process, as well as the barrier of the gas-phase NO coupling with the surface NH,*
species. Therefore, according to the transition state theory and collision theory, the reaction rate on
a per-site basis can be written as:

kT E P PA
r(T)= %GXP(— kB"’T)P—;, ~S( )W

where kg, h, T, P; and m; are Boltzmann constant, Planck constant, reaction temperature, pressure,

(Eqn-S2)

and mass of gas molecule, respectively. Additionally, 4 is the area of the atom described as 4 =nr2,
in which 7 is the van der Walls (VDW) radius of the atom. Here, we assumed that the gas behaves
ideally, and the sticking coefficient Si(7) is approximated as 1. Thus, we can derive an equation for
E,:
E, ~ —kBTIn(ikBT PZU :/Z; m,T) (Eqn-S3)
In our microkinetic model, for the surface elementary steps without adsorption/desorption, the
entropy effect is typically small and can be largely cancelled between the initial state and transition
state or final state;'> 3 for the adsorption/desorption processes of gaseous molecule, the large
entropy contribution of gaseous molecules (TAS) was considered to calculate Gibbs free energy
change (AG) at a given temperature, which was obtained from the experimental values.!* Here, we
used the experimental condition!®: Pygsz = 5.00x10 atm, Pyo = 5.00x10 atm, P, = 0.02 atm, Py»
= 0.8 atm and Pyyo = 0.05 atm. We employed a fully first-principles microkinetic model under the
mean-field approximation, implemented using the CATKINAS package. This framework includes
robust solvers such as the sensitivity-supervised interlock algorithm, particle swarm optimization,
and modified Newton’s method!®-?!, enabling efficient treatment of complex reaction networks.
Our kinetic model integrates a comprehensive reaction network encompassing the main NHj-
SCR pathway (via NH,NO formation), as well as competitive NH; and NO oxidation side reactions
(Scheme S1). We explicitly incorporate the possible Langmuir-Hinshelwood, Eley-Rideal, and
Mars-van Krevelen mechanisms. This mechanistic breadth enables our model to capture selectivity
trends and side-product formation with higher fidelity than models limited to narrower pathways.
In addition, our microkinetic model is constructed entirely from DFT-derived thermodynamic and
kinetic parameters. This enables enhanced transferability across catalyst systems and operating
conditions. The utility of microkinetic model for catalytic reaction has been supported, and our



model demonstrates strong consistency with experimental observations in NH3-SCR on some
catalysts, e.g., Fe;0;3 and Ce0,.2> 23 These support the robustness of our model for capturing NHs-
SCR kinetics across different catalyst systems.
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Fig. S4 Selectivity map of the NH; dehydrogenation to NH, assisted by Oy,; (O#) and the O species
adsorbed on metal site (O*), respectively. * and # represent the metal site and the lattice oxygen

vacancy (Oy,.), and O# is the lattice Oy,.

11



_
2
=

b) o

(]
=1

A
=]

-2
-2.5

Ejo(NH,@M) (eV)
2
Log,o(8(0)) (s7)

Eads(NHz@M) (eV)
LOQm(B(O’)) (S“)

&
3

=

1 15 2 25 3 35 4 45
EdOuzc) (eV)

L

B5 1 15 2 25 3 35 4 45
E,(o ) (V)

s
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Table S1. Adsorption energies of NH, (£,4s(NH,@M)) and formation energies of Oy,c (E{Oyac)) on
metal(Rh, Ru, Mo, Nb)-doped MnO,(110).
Rh-doped MnO,  Ru-doped MnO, Mo-doped MnO,  Nb-doped MnO,
E.s(NHy@M) -1.29 eV -1.31eV -1.28 eV -1.26 eV
E(Oyac) 0.97 eV 1.32eV 1.73 eV 1.24 eV
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