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ABSTRACT: The structure and dispersion of active sites substantially impact the performance of supported metal
oxide catalysts, as exemplified by the V20s5/TiO> catalysts used for NH3-SCR reaction. Due to the complexity of
the active site dispersion on the catalyst surface, the intrinsic law of this structure—activity relationship remains
controversial. Herein, we proposed a restricted random distribution model to describe the stochastic anchoring
behavior of active sites on the TiO> surface during the loading process of vanadia. The structures of monomeric,
dimeric, and polymeric VOx sites were determined by DFT calculations and verified with spectroscopy and
adsorption information experimentally. The calculated reaction pathways and energy profiles for these structures
indicated that the dual sites configuration and terminal V(=0O)2 bond are responsible for the high reactivity of
aggregated VOx sites. Combining the reactivity of these various sites and the random distribution method, we built
a general profile of the correlation between the V20s/TiOz catalyst surface and its reaction performance. The

reactivity results obtained from experimental in situ DRIFTS and kinetic tests validate our theoretical model. The
1
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random distribution method links DFT calculations and experiments, coupling the structure and dispersion of the

VOx active sites to the catalyst reactivity.

Keywords: Supported catalysts, Selective catalytic reduction, Vanadium oxides, Active sites, Reaction

mechanisms

1. Introduction

For supported heterogeneous catalysts, the catalytic activity depends significantly on the interaction between

the active sites and the support [1-3]. The V20s5/TiO2-based catalysts are a typical example of catalysts with such

dependence on metal oxide-metal oxide interaction. These catalysts have been widely utilized in many important

reactions, such as selective oxidation of alkanes and alcohols, oxidation of SO> for HoSO4 production, selective

reduction of NOx with NH3 (SCR), and other upcoming reactions [4—8]. Due to the complexity of V20s distribution

on the TiO:2 surface and the related coordination behaviors, the reaction mechanism remains in debate. A massive

amount of research interest has been put into studying this catalyst system. Raman [9-14], NMR [15-17], and

Exafs [18-21] were applied to characterize the coordinating environment of VOx on the TiOz surface. A consensus

has been reached that both monomeric and polymeric vanadia species exist in V20s/TiOz catalyst and that the

percentage of these two species will change upon increasing the vanadia loading. The molecular structure of

monomeric vanadia is much clearer than that of polymeric. A tetrahedral VOs structure with one short V=0 bond

and three moderate V—O bonds is believed to be the dominant species of monomeric vanadia lying on the TiO2

surface. Raman and NMR results are all supporting this hypothesis [12,16]. The monomeric vanadia site has also

been widely used for theoretical calculations [22-25]. However, the structure of polymeric vanadia has gained

much less attention, although it has been proved to be times more active than monomeric one. The information on

the structure of polymeric vanadia is somewhat limited. Through Raman characterization, the broad peak around

930 cm ! was assigned to the Raman vibration of polymeric vanadia [10-12]. The structure of polymeric VOx
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species can be further characterized via correlating the experimental NMR spectra and theoretical NMR chemical

shifts [16]. He et al. [26] modeled a vanadia dimer on a TiO2 (101) surface and calculated the reaction paths to

compare the energy profiles of SCR reactions over monomeric and polymeric vanadia sites.

Regarding the complexity of the reactive site on the V20s/TiO: catalyst, numerous mechanisms have been

proposed for one specific reaction, such as the SCR reaction. Lewis acid was believed to be formed in V20s/TiO2

catalyst and play a decisive role in the SCR reaction [27]. While in other views, Brensted acid (V3*—OH) and the

V=0 site are needed [28,29]. Zhu et al. [30,31] compared the reaction rate of L and B acid sites and concluded

that L acid is more active than B acid. They also proposed that the reoxidation of V#" is significantly faster than

the reduction half cycle. Theoretical calculations based on DFT have been an essential supplement for studying

the SCR mechanism on V20s/TiO> catalyst [24,26,32], since the reaction information achieved from experiments

is still limited. Based on the discussion of the above complexity, we suggest that the intrinsic correlation between

the structure, dispersion, and reactivity of the active sites over V20s/TiOz catalysts has not been identified clearly.

In the present study, we aimed to build a general profile of the V20s/TiOz catalyst surface and provide a solution

to link the surface structure with the catalyst reactivity. We elucidated the clear relationship between the active site

structure and SCR reactivity on V20s/TiOz catalyst using periodical DFT calculations combined with experiments.

Based on the formation energies from DFT calculations, the most stable monomeric, dimeric, and polymeric VOx

structures were screened out as target sites and verified with Raman spectra and NHs-TPD information. A restricted

random distribution model of VOx sites was established to describe the variation of active sites morphology and

quantity with vanadia loading, acting as a bridge between DFT calculations and experiments. The detailed reaction

pathways with structure and energy profiles were calculated, with a focus on rate-controlled energy barriers as

determinants of reactivity. A series of experiments, including in situ DRIFTS and kinetic tests, were employed to

demonstrate the variation in reactivity of the different active sites. The computational activation energy was
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calculated combined with the random distribution model. It was used to compare with the experimental activation

energy, thus validating the theoretical model in this study.

2. Experimental and computational methods

2.1. Catalyst preparation

In this work, the V20s/TiO2 samples with different V205 loadings (0.5 wt.%—5 wt.%) were prepared by

conventional incipient wetness impregnation, denoted as xV/Ti (x=0.5,1,2,3,4,5). Commercial TiO2 powder (P25,

Degussa) with a surface area of 55.3 m*/g was used as support material. According to the loading of vanadia, a

certain amount of ammonium metavanadate (NH3VO3, 99.9%, Aladdin) was dissolved in oxalic acid (C2H20s4,

99%, Aladdin) to form the precursor solution. The precursor solution and TiO> powder were mixed by mechanical

stirring and oscillated in an ultrasonic oscillator for 30 min. Subsequently, the obtained mixture was dried overnight

in an oven at 110 °C and calcined at 500 °C for 5 hours in air condition. The general properties of the V/Ti samples

are presented in Table S1. In addition, the XRD patterns show that the V20s crystals did not appear in all samples,

proving good vanadia dispersion (Fig. S1).

2.2. Catalyst activity test

The NH3-SCR activity test of the V20s/TiOxz catalyst was implemented in a fixed-bed quartz tube reactor with

an internal diameter of 7 mm. A certain mass of catalyst sample with 40—60 mesh was filled in the reactor for the

test. The feed gas mixture consists of 500 ppm NH3 (2% NH3/N2, Chongqing Ruike), 500 ppm NO (2% NO/Na,

Chonggqing Ruike), 5% 02 (99.999%, Chongqing Ruike), and N2 (99.999%, Chongqing Ruike) as balance gas. The

total gas flow rate was set to 2 L/min. The reaction was performed based on dry conditions (without extra water).

Protea ProtIR 204 infrared gas analyzer was used to measure the NO concentration. The conversion (Xno) and

reaction rate (vno) of NO were obtained by measuring the change in NO concentration before and after the reaction,
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as well as the gas flow rate (Eqs. S1 and S2). TOF (Turnover frequency) can indicate the intrinsic activity of the

active site, which was calculated as follow:

TOF(s™) = —x0_ (1)

V-site

where vno (mol/(g.s)) is the reaction rate of NO, and Nvssite (mol/g) is the number of vanadia sites on the catalyst
surface. The conversion rate was kept below 30% to ensure the reactor differential assumption and thus the
accuracy of the TOF calculation. The mass of the catalyst was set to keep the molar amount of vanadium constant

(shown in Fig. S2).

2.3. Catalyst characterization

Raman spectra were measured on an Andor SR-500i spectrometer using a 532-nm laser excitation source. The
spectrometer was equipped with an in sifu reaction cell, where samples can be heated in a gas flow. In our
experiments, in order to ensure complete oxidation of catalysts, all samples were heated to 400 °C under oxygen
flow, and then the Raman spectra were acquired.

In situ DRIFTS analysis was carried out using a PerkinElmer Spectrum 3 spectrometer with an MCT detector.
A background spectrum in an N2 flow was sampled before each experiment. All the IR spectra were obtained by
collecting 64 scans with a resolution of 4 cm ™.

NHs-temperature programmed desorption (NH3-TPD) of the V20s/TiOz catalysts was operated on a dynamic
sorption analyzer with a thermal conductivity detector (TCD). After being pretreated in N2 atmosphere at 400 °C
for 1 hour, 0.2 g catalyst was treated in the NHs-contained atmosphere (1.2% NHs and Nz as balance, the total flow
rate is 50 mL/min) for 1 hour at 100 °C for NH3 adsorption. Then the catalyst was treated by N> purge at 100 °C
for 1 hour. Finally, the catalyst was heated from 100 °C-500 °C at 10 °C/min.

Details of other characterization methods were mentioned in the supporting information.
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2.4. Computational details

In this study, all periodical calculations based on density functional theory (DFT) were implemented in the
Vienna ab initio simulation package (VASP), using Perdew—Burke—Ernzerhof generalized gradient approximation
(PBE-GGA) functional [33] with vdW correction by DFT-D3 approach [34]. The Hubbard U was applied to Ti 3d
and V 3d state (Uer = 3.5 eV) to correct the electron localization [35,36]. The reliability of the PBE + U/D3
functional can be verified by comparing it with a more accurate functional (detail in Table S2). Spin-polarization
was considered for unpaired electrons. The cut-off energy of the plane wave was set to 400 eV. Gaussian smearing
was used with the width setting to 0.1 eV. The structures were considered to be optimized when the force was less
than 0.03 eV/A™! and the break condition for the electronic SCF-loop was set to 1073 eV. Only the I point of the
Brillouin zone was sampled [26]. Transition states (TS) were obtained by climbing image nudged elastic band (CI-
NEB) method in Transition State Tools for VASP (VTST) [37]. Harmonic vibrational frequencies were calculated
by the finite-difference method. The free energies were calculated involving zero-point energy corrections and
vibrational entropy within the harmonic approximation (gas molecules involve gas-phase entropy). The cluster-
based calculation of the Raman spectra was carried out using the Gaussian 09 module at the B3LYP/6-31(D, P)
level.

For matching the P25 TiOz support (anatase accounts for 79% [38], composed mainly of thermodynamically
stable (101) surface) in the experiment, the anatase (101) surface model was selected in the DFT calculation in
this work (the XRD and TEM results are shown as support in Figs. S1 and S3). The anatase crystal and a (2X3)
supercell of the anatase (101) surface were constructed and optimized, as shown in Fig. S4. The lattice parameters
and the surface energy of the optimized models agreed well with the data in the previous literatures [39,40].

The restricted random distribution model of activity sites was implemented via the NumPy module from python.

In the distribution model, a two-dimensional array of 100 X 100 size was used to represent the locations of 10,000
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Tisc sites on the TiO2 (101) surface. These locations will be gradually occupied by V active sites at random.

According to the lattice parameters of the TiO2 (101) surface in DFT calculation and the specific surface area (55.3

m?/g) of the TiOz support in the experiment, the numbers of Tisc and V sites on the catalyst surface per unit mass

can be obtained. And then, the random distribution model can be connected with the real catalyst in terms of the

number of sites (Table S3).

3. Results and discussion

3.1. Structure of VOx active sites on TiO; surface

Finding the most stable structures of vanadium oxide (VOx) on a substrate in different loadings conditions is

challenging. In this study, the VOx loading method was applied, which can be described as the process of a specific

monomeric VOx species being sequentially anchored. Here, a VO3;H (Fig. S5A) unit was regarded as the rational

unit structure for anchoring. The formation energy of the VO3H unit on the substrate was used to assess the stability

of different structures of VOx species, which was defined as Eq. S4.

The possible anchoring configurations of VOs3H were suggested in the case of sufficient Ti sites (two adjacent

Tisc sites are available at least), as shown in Fig. S5B. One or two Tis. sites and one Oz site were employed to bind

to VOsH in these structures. The Oz site assisted the formation of the VOsH tetrahedral coordination structure. It

can be seen that the most stable configuration is 1a (Fig. S5B), with the largest formation energy. In this condition,

two Tisc and one Oz were occupied by the VOsH, and —OH was located between the V and Ti atoms. Here, we

defined this as a typical monomeric VOx configuration (denoted as Monomer), which dominants at low vanadia

loading. Then, with the increase of vanadia loading, the amount of exposed Ti atoms decreased and it was assumed

that there would be only one exposed Tis. site, or even no Tisc site, within a specific range. For the former case,

the VO3H would bind to the exposed Tisc next to an existing Monomer (Fig. S5C, two VOsH involved). The

formation energy of the horizontal structure (2a) is greater than that of the vertical one (2b). For the latter case, the
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VOsH would locate on two anchored Monomers (Fig. S5D, three VOsH involved). The vertical structure (3a) is
more stable than the horizontal one (3b). The above formation energies were summarized in Fig. SS5E that the
structure of VOsH bound to two Tisc sites is the most stable. This indicates that the VO3;H loading on the TiO2
surface tends to form Monomer preferentially, which can guide the anchoring order of VOs;H during the loading
process. However, the supported VOx phase was believed to exist in a relatively dehydrated state under SCR
reaction condition [11]. Thus, we considered the VO3;H units (2a and 3a in Fig. SSE) to form dimeric or polymeric
configurations via dehydration. The phase diagrams of thermodynamic analysis were employed to identify the
dehydration states of the VOx structure under different conditions. The free energy difference between the states
of dehydration and hydration was calculated according to Eqgs. S5 and S6. The phase diagrams and the
corresponding configurations before and after dehydration are shown in Figs. S5F and S5G. It can be seen that
both kinds of VOx exhibit a dehydrated state both in the calcination condition (773 K, 1% H20) and in most cases
of the SCR reaction condition (473 K~723 K, < 500 ppm H»0). Therefore, the above two dehydrated VOx
configurations were selected as the research objects (denoted as Dimer and Polymer) for higher V20s loading
conditions.

The structures of Monomer, Dimer, and Polymer were determined based on the above calculations, as shown in
Figs. 1A and S6 in detail. They all present with tetrahedral coordination. Since the configurations only involve the
dehydration between VOsH, the valence states of vanadium atoms are all considered +5 (see Table S4 for the Bede
charge results for the V atoms). It can be seen that Monomer and Dimer both contain single terminal oxygen (V=0)
with a bond length of 1.60 A. Notably, a unique double terminal oxygen (O=V=0) structure appeared in Polymer,
whose bond length is extended to 1.61-1.63 A. The remaining V—O single bonds have lengths between 1.70—1.99

A according to different coordination conditions.
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Moreover, a restricted random distribution model was built to predict the quantitative changes of the three VOx

configurations in the sequential anchoring process. It was based on the assumption that the loading of V sites

during the catalyst preparation is stochastic. In this process, VOsH units randomly appeared on a certain Tisc site

in turn. They were converted into the Monomer, Dimer, or Polymer according to the priority order determined by

the formation energy. It can be referred to as a restricted random distribution process. Fig. 1B is the schematic

diagram of a more extensive size range of TiO2 (101). Within a specific range, when the exposed Tisc sites are

sufficient, the Monomer is formed preferentially. Only when Tis. sites are insufficient or absent will the Dimer and

Polymer be formed on the Monomer base sequentially. As shown in Fig. 1B, the green triangles represent the

Monomer that has been formed, and the blue triangles (noted in M, D, and P) indicate the formation and order of

the Monomer, Dimer, and Polymer under certain conditions. Fig. 1C demonstrates the changes in the number of

the Monomer, Dimer, and Polymer with the increase in V20s loading. Among them, the number of Polymers was

indicated by that of V with double-terminal oxygen. Due to the priority of Monomer formation, when the V20s

loading is lower (<1.5 wt.%, ~1.8 V/nm?), the number of Monomers increases gradually and takes absolute

advantage. Then as the loading of V205 continued to increase (>1.5 wt.%, ~1.8 V/nm?), the Dimer and Polymer

were gradually formed based on Monomer through dehydration, resulting in a decrease in the number of Monomers.

The increase in the number of Polymers is greater than that of Dimers, and gradually the Polymer becomes

dominant in number. When the loading of V20s reaches about 3.5 wt.% (~4.3 V/nm?), all Tisc sites and hydroxyl

groups of Monomers are consumed, causing no more VO3H can be anchored. We assumed that before reaching

the theoretical monolayer coverage of V20s/TiO2 (~8 V/nm?) [7], the VOx species with a higher degree of

polymerization would be formed based on the existing Polymer, or even V20s crystallization. These contents are

beyond the scope of this study.
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To verify the rationality of the configurations and the random distribution model, Raman spectra obtained by

experiment and DFT calculation were applied to identify the feature of VOx structures, as shown in Figs. 1D and

1E. Two characteristic bands at 1030 and 930 cm ™! were observed in the experimental Raman spectra, which

belong to monomeric VOx species and polymeric VOx species as reported in the previous literature [7,12,13,26].

However, the correspondence between these bands and the V-O bond species remains controversial. To clarify the

attribution of the vibrational bands to the V-O bonds, we calculated the Raman spectra of the three VOx

configurations using the DFT method (detailed in Table S5). It can be found that there is a significant linear

correlation between the bond lengths and the Raman vibrational frequency (see Fig. S7 for detailed linear

relationships). The band at about 1020 cm™! corresponds to the vibration of the terminal V=0 bond and those at

1000 and 955 ¢cm™! to the two bonds of the terminal V(=0O)2 bond. The bond length of V(=0): is longer than that

of V=0, causing the corresponding vibrational frequency shift to lower. They fit well to the bands at 1030 and 930

cm ! (and a weak shoulder peak at 1000 cm™!) in the experimental Raman spectra within a certain error. This also

provides evidence for the existence of the V(=0): structure, which is representative of the polymeric VOx species.

Notably, the band at 930 cm™! was not observed until the sample had a V20s loading of 2%. It can be matched with

the variation in the number of Polymers in the random calculation.
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Fig. 1. Structure and distribution of VO active sites. (A) Optimized structures of the Monomer, Dimer, and Polymer active

sites on anatase TiO, (101) surface. Vanadium in green, titanium in gray, oxygen in red, and hydrogen in white. (B) Schematic

diagram of the restricted random distribution model of sites. Gray dots, red dots, and triangles represent Tisc, Oz, and loaded

VOx (M—Monomer, D-Dimer, P-Polymer), respectively. (C) Variation curves of the number of different VOx active sites with

V,0s loading, calculated by the random distribution model. (D and E) Raman spectra obtained by (D) DFT calculation (for

VO sites) and (E) experiment (for catalyst samples).

3.2. NH;s adsorption properties on the acid sites of VOx

It is well known that the occurrence of the NH3-SCR reaction first requires the adsorption of NH3 on acid sites

of the catalyst, including Brensted acid (B-acid) sites and Lewis acid (L-acid) sites. To elucidate the acid site

characteristics of different VOx configurations (corresponding to different V loadings samples), we conducted

diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) (Fig. 2A) and NH3 temperature programmed

desorption (NH3-TPD) (Fig. 2C) studies. The NH;3 adsorption energy using DFT methods was calculated as a

supplement. With these, we can provide more evidence of the correspondence between the DFT configuration and

the real catalyst.
11
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In situ DRIFTS was employed to investigate the changes of NH3 adsorption at two acid sites in different samples.

The DRIFTS spectra of stable NH3 adsorption are shown in Fig. 2A (see Fig. S8 for the spectrum of the pure TiO2

sample). The band at about 1200 and 1420 cm ! were attributed to the NH3 adsorbed on the L-acid and NH4"

adsorbed on the B-acid, respectively. The integrated area of the peaks can qualitatively represent the number of

acid sites. With the increase of vanadia loading, the amount of B-acid increases linearly from very little, proving

that it originates from VOx species. In contrast, the amount of L-acid shows a gradually decreasing trend. It was

reported that both Ti and V sites exposed on the surface could serve as L-acid sites [30]. This decreasing trend may

be attributed to the occupation and replacement of Ti L-acid sites by V L-acid sites and the weaker IR signal of V

L-acid sites. Meanwhile, the IR sensitivities of these two bands are uncertain under different conditions [30,41],

so it is unreliable to use the band absolute intensity ratios to compare the amount of two kinds of adsorbed NHs.

To make the DFT calculation correspond to the condition of exposure to the NH3 atmosphere during NH3

adsorption, we first calculated the possibility of surface hydrogenation of the VOx structures. The hydrogenation

energy was defined as Eqs. S7 and S8. Hydrogenation sites are on the terminal oxygen corresponding to each V

atom. Fig. 2B shows that the hydrogenation free energy of all VOx configurations (Monomer, Dimer, and Polymer)

is less than zero within the experimental temperature range (300 K ~ 800 K) under NH3 exposure conditions. It

implies that they all tend to be hydrogenated. As mentioned in the previous section, the formation of Dimer and

Polymer will be accompanied by consumption of —OH, which contradicts the increasing trend of B-acid in

DRIFTS. However, enough —OH sites can be further provided under the NHs atmosphere in a hydrogenation way,

which can explain the increase in the amount of B-acid.

The results of NHs adsorption energy (calculated by Eq. S9) by DFT calculations and the NH3-TPD curves by

experiments were compared in Fig. 2C. In the calculation part, typical B-acid sites and L-acid sites on the Monomer,

Dimer, and Polymer were considered. The hydrogenated configurations were employed to correspond to the NH3

12
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exposure condition. From the NH3-TPD results, we found that all the curves generally exhibit a broad peak from

100 °C to 500 °C, representing the diversity and complexity of NHs adsorption species. Specifically, with the

increase of V loading, the area of the high-temperature desorption peaks gradually decreased, whereas the area of

the low-temperature peaks increased (see Fig. S9 for the NH3-TPD profile of the pure TiO2 sample). Combined
with the NH3 adsorption energy data, it can be speculated that the high-temperature desorption peak mainly
corresponds to the NHj3 species adsorbed on Ti L-acid sites (a), which has the highest adsorption energy. For higher
V loading, the adsorption sites of NH3 gradually changed from Ti L-acid to VOx B-acid and L-acid (b and c). Their
lower adsorption energies increase the experimental low-temperature desorption peak area. In addition, physically

weakly adsorbed NH3 (d) exists in various cases and can correspond to low-temperature peaks with common

features in the TPD curve.
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The background spectrum of samples was collected in the N, atmosphere. All samples were exposed to NH3 (500 ppm) at

200 °C until saturated adsorption. (B) Calculated hydrogenation energy of different VOy active sites in NH3 atmosphere. (C)

Correspondence between calculated NH3 adsorption energy (top) and NH3-TPD results (bottom).

3.3. NH3-SCR reactivity of the VOx active sites

We start by focusing on the intrinsic reactivity (TOF) of the catalyst for NH3-SCR to obtain the basic law of

reaction kinetics. Fig. 3A exhibits the variation of TOF with V20s loading at different temperatures. It shows that

in a certain temperature range, TOF has an apparent upward trend with the increase of V loading. With the help of

the relationship between V loading and active site structures mentioned above, we can infer that the improvement

of TOF is mainly attributed to the morphological transformation of VOx sites. The decrease of TOF at higher

temperatures (> 400 °C) and higher V205 loading (> 3~4 wt.%) may be due to the direct oxidation of NH3 and

excessive coverage of active sites.

To further explain such activity enhancement, we investigated the reactivity of adsorbed NHs using in situ

DRIFTS to illustrate the role of L-acid and B-acid sites in this process. The spectra of the consumption of adsorbed

NH;s by reacting with NO and Oz are displayed in Fig. S10. For data comparability, relative consumption was

obtained by peak area normalization, shown in Figs. 3B and 3C. In this analysis, we exclude the data of 4V/Ti,

5V/Ti in the L-acid part, and 0.5V/Ti, 1V/Ti in the B-acid part, whose too small peak area leads to a large error. It

can be seen that the NH3 species adsorbed on L-acid and B-acid sites were consumed with time, indicating that

they were both involved in the reaction. In addition, both adsorbed NH3 species exhibited an upward trend in terms

of the average consumption rates with the increase of V loading. Here, the average consumption rate was calculated

from the first half of the consumption and the corresponding time used. It is consistent with the regularity shown

by the TOF data. Notably, there is a lag in the consumption rate of NH3 species adsorbed on the B-acid sites in the

first few minutes compared with L-acid sites. Over time, the two will gradually reach the same level. The
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comparison of the intrinsic reactivity of L-acid and B-acid sites remains controversial, which involves the

transformation of acid sites and the migration of NH3 reaction sites [30,41—44].

In order to elucidate the mechanism underlying the catalytic reactivity difference between the Monomer, Dimer,

and Polymer at the atomic scale, DFT calculations were performed. Typical L-acid and B-acid sites on different

VOx sites were involved during the calculation, whose detailed energies (the free energies at OK and 298K) and

structures in the reaction pathways are shown in Figs. 3D (Monomer&Ti L-acid site) and S11 (other sites). The

general agreement is that the complete cycle of NH3-SCR consists of reduction and reoxidation processes.

Referring to previous literatures [24,26,32], the beginning of our mechanism is the formation of the NH2NO

intermediate from the reaction of adsorbed NH; and weakly adsorbed NO (Eley—Rideal mechanism) on the VOx

sites (A—E, G—K). Then, the NH2NO intermediate is desorbed and decomposed into N2 and H20 (E—~G, K—

M). Two consecutive additions of NH3 will lead to the formation of H2O, which can be removed from the surface

(M). The transition state (D and J, denoted TS1 and TS2) is characterized by the breaking of the N—H bond with

the participation of NO, followed by the transfer of H ions to VOx sites. After the above reduction process, the

subsequent addition of O2 was employed for the reoxidation. Actually, the reaction stoichiometry dictates the

reoxidation process requires two more NHj3 to complete the catalyst cycle (M— A, shown in Fig. S11B). We found

that the barrier in the reoxidation process is smaller than in the reduction process (Figs. 3D and S11B). This is in

agreement with the experiment results of Zhu et al. [31] that the rate of reoxidation is significantly faster than the

reduction, indicating that the reduction process is the rate-determining step of the total reaction cycle. Therefore,

only the reduction process was involved in the following study, whose energy barrier was regarded as the descriptor

of overall reactivity. In addition, the V=0 group was employed as the redox site for the reaction, which is more

advantageous due to its lower reaction energy barrier compared to the V—O—Ti site (Figs. 3D and S11M). Notably,

due to the oxidizing atmosphere in the SCR reaction, V3" sites were regarded as the cycle start in the majority.
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However, reduced V*' sites are generated at some point in the reaction path, which can provide some extra B-acid

sites [32].

The decisive energy barrier of transition states (the larger of TS1 and TS2, the free energy at 298 K) of all VOx

active sites involved are exhibited in Figs. 3E and 3F. These sites were further distinguished into single and dual

sites depending on whether the NH3 adsorption and redox occurred at one single vanadium site. By comparing

these energy barriers, we can draw the following conclusions. First, the Monomer has a large energy barrier when

it functions as a single site, including its L-acid and B-acid sites, implying particularly poor reactivity. When it

forms dual sites with the Ti L-acid site (denoted as Monomer&Ti), the barrier decreases to a certain extent. It

suggests that the Monomer&Ti site plays a major role in low V loading catalyst dominated by isolated Monomer,

while the activity is still lacking. With the gradual increase of monomer density, the adjacent monomer pairs

(represented as adj-Monomer) appear and provide the dual site. The energy barrier involving its L-acid is similar

to the Monomer&Ti site, while that involving the B-acid becomes lower significantly. In addition, the Dimer and

Polymer can also form similar dual sites (denoted as DimerD and PolymerD), which involve the B-acid of the

Dimer and the L-acid and B-acid of the Polymer. These sites all exhibit even lower energy barriers, reflecting the

great positive effect of dual sites on the reaction. It is also consistent with the conclusion in previous literature that

the SCR reaction involves two vanadium sites or oligomeric vanadium on the surface [17,26,28]. Remarkably, the

Polymer shows a more obvious enhancement effect on the activity than the Monomer and Dimer. Even the single

site formed by it also exhibits a considerably low barrier. We speculate that it is due to the role of the terminal

V(=0)2 bond of the Polymer as a redox site. According to the calculation model, it can be found that the terminal

V(=0)2 bond has better structural flexibility in the reaction process than the V=0 bond, which is more conducive

to the transfer of H ion in the redox process, thereby reducing the energy barrier. It is worth noting that the reaction

barrier of B-acid sites is overall lower than that of L-acid sites in the calculated results, suggesting that the B-acid
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site may be more dominant in the reaction. However, the experimental results in Figs. 3B and 3C show similar

reactivity between the two. Regarding the difference between the two, one possible reason is that the NH3 adsorbed

on L-acid sites may migrate to the adjacent B-acid site for reaction, and another speculation is that part of the B-

acid sites may be transformed from the L-site. They all may level out the reaction rate of L-acid and B-acid

exhibited in the actual reaction process. In general, the above discussion indicates that both factors of the dual sites

and the terminal V(=0O): affect the SCR reactivity through structural effects rather than electronic effects [17]. This

conclusion can be supported by the fact that the different samples exhibit the similar position of reduction peaks

in the TPR results (shown in Fig. S12).
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Fig. 3. SCR reactivity properties. (A) Variation of measured TOF with the V,0Os loading and temperature. (B and C) In situ

DRIFTS results of relative NH3; consumption for reaction with NO + O, and corresponding average consumption rates

(calculated by half-consumption) on (B) L-acid sites and (C) B-acid sites with the variation of V,0s loading. (D) Calculated

energy profile for reduction process of NH3-SCR reaction over Monomer&Ti L-acid site. The values of the energy barrier are

highlighted. The green and blue lines represent the free energy at 0 K and 298 K, respectively. The letters at each state

correspond to the detailed structures in Fig. S11A. (E and F) Decisive energy barriers of different VO active sites,

distinguished by (E) L-acid and (F) B-acid. The involved structures are shown in Fig. S11.
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3.4. Validation of the theoretical model

Above, we discussed the experimental phenomenon and the calculation results regarding reactivity enhancement.

To further investigate the consistency between the two aspects, we compared the reaction activation energies

obtained from experiments and calculations, which were treated as the characteristic indicator.

As for the calculated activation energy, the contribution of each kind of VOx site to the activation energy needs

to be comprehensively considered. An average calculated activation energy (denoted as Eac) was obtained by the

following formula:

Ea,=-RT ln(icl. exp( Ag[ )) )

R
where the ¢; and AG: represent the numerical proportions of different VOx sites and their energy barrier,
respectively. The proportions were obtained by normalizing the absolute number from the random distribution
result in Section 3.1, involving the Monomer (distinguishing isolated and adjacent), Dimer, and Polymer, as shown
in Figs. 4A and 4B. The lowest energy barrier corresponding to each kind of VOx site was employed for the
calculation, which is reasonable since it can represent the dominant reaction path of the site. The temperature T
was set to 298 K, consistent with the temperature condition of AG;. On the other hand, to determine the
experimental activation energy for the reaction, the rate constant must be obtained first. It can be assumed that the
reaction is first-order in NO partial pressure and zeroth-order in NH3 partial pressure. With the large excess of Oa,
the reaction rate can be regarded as pseudo-first-order [7]. Then the rate constant can be written as Eq. S3. The
experimental activation energy (denoted as Eaec) was determined from the slope by the Arrhenius plots of In &
versus 1000/7, shown in Fig. S13.

The results of the Eac and the Ea. were given in Fig. 4C and compared (see Table S6 for detailed data). We
found that both the calculated and experimental values show a downward trend with the increase of V loading,

which explains the enhancement of reactivity from the perspective of activation energy. Specifically, with the V
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loading from 0.5% to 3%, Eac decreases from 0.83 eV to 0.63 eV, while Ea. decreases from 0.70 eV to 0.43 eV.

There is a deviation of 0.13 — 0.20 eV in absolute value between Ea. and Ea., which may be due to the inherent

error from the computational model. However, their relative decreasing trend is in good agreement (both decline

by about 0.2 eV). This provides strong evidence for the consistency and comparability between the experimental

and computational results and also indicates that the random distribution model is quite feasible as a quantitative

link.
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Fig. 4. Results of reaction activation energy. (A) Number proportions of different VO active sites with the variation of V,05

loading based on the random distribution theory. (B) Schematic diagram of the relationship between active site structure and

V,0s loading. (C) Comparison between calculated and experimental values of reaction activation energy.

4. Conclusion

This study has presented a validated strategy to assess the effect of active site morphology on reactivity. The

most stable structures of VOx active sites on TiOz support were determined by DFT calculation. The restricted

random distribution model of active sites was proposed, which clearly relates the vanadia loading to the

configurations of active sites (Monomer, Dimer, and Polymer) and their number distribution, integrating the

experiment with the DFT calculation closely. The results of this work revealed the essence of the progressive
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enhancement in SCR reactivity (TOF) with increasing vanadia loading. From the calculations of reaction pathways,

this enhancement is mainly attributed to the formation of the dual sites and the terminal V(=0O). bond, which

originate from the adjacent and aggregated VOx sites. A good match between the experimental and calculated

values of the reaction activation energy verified the validation of this theoretical model. These new insights

advance the understanding of the nature of the active sites and the working mechanism of metal oxide catalysts,

which can serve as a guide to optimize the metal oxide—metal oxide interaction for future catalyst design.
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