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A B S T R A C T

A series of POx-promoted (P = Ce, Si, and Zr) TiO2-supported vanadia catalysts were synthesized by incipient- 
wetness impregnation in order to examine the relationships between the anchoring sites, extent of oligomeri
zation of the surface VOx sites, nature and number of surface acid sites, and the NO/NH3-SCR activity/selectivity 
under both water vapor-free and water vapor-containing reaction conditions at elevated temperatures. In situ IR 
spectroscopy showed that the deposited POx and VOx species anchored at the support Ti-OH and P-OH/Ti-OH 
surface hydroxyls, respectively. In situ Raman spectroscopy revealed that all the oxides were essentially dispersed 
on the TiO2 support as surface POx and VOx sites under dehydrated conditions and reaction conditions. In situ 
solid-state 51V MAS NMR revealed that the dehydrated surface VOx sites are present as monomers, dimers, 
oligomers, and clusters, with comparable molecular distributions for the unpromoted and promoted catalysts. IR 
also revealed that the surface acid properties (surface NH3* species on Lewis acid sites and surface NH4

+* species 
on Brønsted acid sites) of the catalysts varied with the introduction of surface promoters and reaction conditions 
at elevated temperatures. Raman showed that the addition of vapor phase moisture to the SCR feed minimally 
perturbed the molecular structures of the surface VOx sites. The SCR reaction rate, however, decreased because of 
the competitive adsorption between H2O and NH3/NO that also decreased the production of undesirable N2O 
involving a bimolecular reaction. A correlation between SCR activity and nature and number of surface acid sites 
was not found to be present. The surface CeOx promoter significantly increased the SCR activity because of its 
facile redox characteristic both as surface CeOx sites on TiO2 and bridging V-O-Ce bonds. In contrast, the surface 
ZrOx and SiOx sites on TiO2 did not significantly affect the SCR activity because of their low redox propensity. 
The current studies demonstrate that the SCR activity is dominated by the redox properties of the promoter 
ligand V-O-P bonds and that the SCR selectivity to N2O depends on the surface NH3/NO/H2O concentrations.

1. Introduction

Selective catalytic reduction (SCR) of nitrogen oxides (NOx) using 

ammonia has been the leading engineering solution for the abatement of 
NOx generated in combustion processes [1–3]. The supported 
V2O5/TiO2 catalyst, the system of choice for power plants and industrial 
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boilers [4,5], is key for the NH3-SCR process. While surface VOx sites are 
considered to be the active sites, vanadia loading is typically limited to 
under 2 wt% V2O5 (~2.5 V atoms/nm2) to limit the undesired oxidation 
of SO2 to SO3 [2,3,5–8]. The TiO2 (anatase) support is typically chosen 
owing to the high dispersion of vanadia sites on the surface of the TiO2 
support [2,9,10], its low SO2 oxidation propensity [2,10,11], its ability 
to rapidly reoxidize the VOx active sites via a Mars-Van Krevelen 
mechanism [7,12], and the low propensity for surface VOx to diffuse into 
the bulk lattice of the TiO2 (anatase) support [13]. These features, 
coupled with its excellent thermal stability [2,14] and low cost [15,16], 
have led to the prevalent use of supported V2O5/TiO2 catalysts in in
dustrial applications in services where low temperature conversion is 
not needed.

The significant effect of water vapor on the catalytic activity and 
selectivity necessitates studying supported V2O5/TiO2 catalysts under 
both water vapor-free and water vapor-containing conditions to better 
understand the effect of moisture since typical flue-gas streams of in
dustrial boilers contain up to 20 % water vapor [17]. The presence of 
water vapor has been observed to impede NO conversion at water partial 
pressures above 1 % for the supported V2O5/TiO2 catalysts [2,18], 
though this inhibiting effect saturates above 5 % water vapor [2,18]. 
The retarding effect of water has generally been suggested to arise from 
the suppression of the SCR reaction between adsorbed NH3 with gas 
phase NO [19–22] or competitive adsorption with NH3 [18,19,23–26]. 
At the same time, the undesirable N2O generation from NH3 
over-oxidation at high temperatures [27] is also suppressed by water 
vapor in industrial combustion effluent.

Several promoters have been proposed to selectively enhance spe
cific aspects of the supported V2O5/TiO2 catalyst system [28–32], with 
the CeO2, SiO2, and ZrO2 promoters having shown promise for 
enhancing SCR performance and stability. Ceria (CeO2) can greatly 
improve the NH3-SCR activity when incorporated before (WO3/V2O5/
CeO2/TiO2) [28] or with (V2O5-WO3-CeO2/TiO2) introduction of 
vanadia [33] due to both its inherent redox activity [34,35] and indirect 
promotional effects on the VOx active sites [28,33]. Silicon dioxide 
(SiO2) is another common promoter additive for supported V2O5/TiO2 
catalysts [29,32,36–41]. When SiO2 is impregnated on the TiO2 surface 
before the vanadia (V2O5/SiO2-WO3-TiO2), the catalyst exhibits 
improved thermal stability and reduced TiO2 anatase-rutile bulk phase 
transition [32,36], but also lower NO conversion compared to the 
SiO2-free counterpart [36,39]. Impregnating ZrO2 (V2O5-ZrO2/
TiO2-WO3) increases the overall NH3-SCR performance and enhances 
the catalyst’s thermal stability despite the loss of Brønsted acid sites for 
NH3 adsorption [31]. The various effects of the promoters (CeO2, SiO2, 
and ZrO2) on NO conversion have been assigned primarily to ligand 
effects stemming from the anchoring of VOx sites on these dispersed 
promoter oxides [28,29]. The effects of industrial-level water vapor on 
the surface VOx molecular structures, surface acid sites and the NH3-SCR 
performance, however, have not been examined in detail in prior 
studies.

In this study, incipient-wetness impregnated CeOx-, SiOx- and ZrOx- 
promoted supported V2O5/TiO2 catalysts were examined with in situ 
Infrared (IR) and in situ Raman spectroscopy to investigate the promoter 
oxide (POx) and VOx anchoring sites, surface VOx molecular structures 
and surface acid sites of the synthesized catalysts under water vapor-free 
and water vapor-containing reaction conditions. Although solid-state 51V 
Magic Angle Spinning (MAS) Nuclear Magnetic Resonance (NMR) 
spectroscopy studies of supported vanadia catalysts have been exten
sively applied for almost 40 years to study the supported V2O5/TiO2 
catalysts to determine the molecular structures of the supported VOx 
sites [7,42–49], the current study applies the 51V MAS NMR spectros
copy method to determine the molecular structural changes of the sur
face vanadia sites of the dehydrated CeOx-, SiOx-, and ZrOx-promoted 
supported V2O5/TiO2 catalysts, which has never been done before. The 
findings were then compared with the SCR performance of the catalysts 
under steady state reaction conditions to yield insights into the 

structure-activity/selectivity relationships of the promoted supported 
V2O5/TiO2 catalysts under industrially relevant reaction conditions.

2. Experimental

2.1. Catalyst synthesis

The TiO2-supported catalysts were synthesized via the incipient- 
wetness impregnation method. Sub-monolayer loadings were used to 
avoid forming crystalline nanoparticles (NPs) at high surface coverage 
[5,50]. Zhu et al. reported that the dispersion capacity of surface CeOx 
on a TiO2 support is ~7 Ce ions/nm2 [51]. Previous work has also 
indicated that monolayer dispersions of surface SiOx and surface ZrOx on 
TiO2 supports were achieved at respective weight loadings of 6.2 % and 
4.0 % (~12 atoms/nm2) [52–54]. Initially, 80 % monolayer coverage of 
CeOx (7.9 wt%, precursor: Ce(NO3)3.6H2O in DI water, 99.99 % Alfa 
Aesar), SiOx (5.0 wt%, precursor: Si(OC2H5)4 in ethanol, 
Sigma-Aldrich), and ZrOx (3.2 wt%, 70 wt% Zr(OCH2CH2CH3)4 in 
n-propoxide, Alfa Aesar) were impregnated onto a TiO2 support (Evonik 
P-25; ~55 m2/g; ~80 % anatase and ~20 % rutile). A sample calcula
tion of the 80 % monolayer for the CeOx promoter is demonstrated in 
Equation S1. The moisture-sensitive SiOx- and ZrOx-promoted catalysts 
were synthesized in a glove box under an N2 flow. The aqueous Ce 
(NO3)3 precursor was added to the TiO2 in a drop-wise manner under 
constant stirring for 45 min. The samples were then dried overnight at 
room temperature, dehydrated under synthetic air (Airgas, flowing at 
100 cc min− 1) at 120 ◦C for 2 hr, and calcined under synthetic air 
(Airgas, flowing at 100 cc min− 1) at 450 ◦C (heating at a rate of 
1 ◦C min− 1) for 4 hr. Subsequently, the redox VOx (1 wt%, precursor: 
NH4VO3 in DI water, 99.0 %, Alfa Aesar) was impregnated on the pro
moted TiO2 supports and given the same drying and calcination pro
cedures mentioned above.

2.2. Catalyst characterization

2.2.1. In situ diffuse reflectance infrared Fourier transform spectroscopy 
(DRIFTS)

In situ IR spectra were obtained using a Fourier-transform infrared 
(FTIR) spectrometer (Thermo NICOLET 8700) equipped with a high 
sensitivity mercury-cadmium-telluride (MCT-A) detector and a Harrick 
Praying Mantis Attachment (Model DRA-2) for diffuse reflectance 
spectroscopy. The powder catalysts were loaded into a customized 
corrosion-resistant Harrick Scientific cell (HVC-DRM-5 with Silcolloy 
1000 coating), which was connected to a gas flow control system 
(Brooks Model 5850E). The reaction cell temperature was controlled 
with a Harrick ATC Temperature Controller unit 
(ATC02433667021701). The gases used in FTIR experiments were 40 % 
O2/Ar (Linde AR OX40C-K), ultra high purity Ar (Airgas AR UHP300), 
6000 ppm NH3/Ar (Linde AR AM6000C-AS), and 6000 ppm NO/Ar 
(Linde AR NO6000C-AS). In each experiment, the catalyst was dehy
drated at 500 ◦C (heating at a rate of 10 ◦C min− 1) for 1 hr under a gas 
mixture of 10 % O2 (18.75 cc min− 1 of 40 % O2/Ar) and Ar (56.25 cc 
min− 1 of Ar), after which the IR spectra were collected. Each catalyst 
was then cooled from 500 ◦C to 120 ◦C, under 10 % O2/Ar (18.75 cc 
min− 1 of 40 % O2/Ar and 56.25 cc min− 1 of Ar), and left to soak in inert 
Ar flow (75 cc min− 1) for 15 min. The IR spectra were collected using a 
50 ◦C interval from 500 ◦C to 200 ◦C and at 120 ◦C. Finally, the reaction 
gas mixture was substituted for 10 % O2/Ar and the catalyst was heated 
to 500 ◦C (heating at a rate of 10 ◦C min− 1) under SCR reaction condi
tions. For water vapor-free SCR conditions, the reaction gas mixture 
contained 1000 ppm NH3 (12.5 cc min− 1 of 6000 ppm NH3/Ar), 
1000 ppm NO (12.5 cc min− 1 of 6000 ppm NO/Ar), 10 % O2 (18.75 cc 
min− 1 of 40 % O2/Ar) and Ar (31.25 cc min− 1). For water vapor-con
taining SCR conditions, a reaction gas mixture of 1000 ppm NH3 (12.5 cc 
min− 1 of 6000 ppm NH3/Ar), 1000 ppm NO (12.5 cc min− 1 of 6000 ppm 
NO/Ar), 10 % O2 (18.75 cc min− 1 of 40 % O2/Ar) and Ar (27.5 cc min− 1) 
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was flown through a water bubbler containing DI water inside a water 
bath at 31 ◦C and atmospheric pressure. The resulting water content was 
~5 molar %. The in situ IR spectra were collected at 120 ◦C and from 
200 ◦C to 500 ◦C at 50 ◦C intervals. The intensities of the in situ IR spectra 
were normalized with respect to the TiO2 support’s IR band at 920 cm− 1 

as an internal standard using OMNIC 8.3.103 software designed for the 
NICOLET 8700 FTIR instrument. In this study, in situ DRIFTS spectra 
were collected under three conditions: dehydrated (no SCR reaction), 
SCR (water vapor-free SCR conditions), and SCR H2O (water vapor-con
taining SCR conditions). The relative IR sensitivity of surface NH4* 
species on Brønsted acid sites to surface NH3* species on Lewis acid sites 
was close to unity [16], suggesting direct comparison between the 
population of these two adsorbed ammonia species can be conducted 
using their IR characteristic peaks. In this study, the calculation of the 
amount of adsorbed ammonia species is conducted using OMNIC 
8.3.103 software after normalization of respective IR spectra with 
respect to the TiO2 support’s IR band at 920 cm− 1.

2.2.2. In situ Raman spectroscopy
In situ Raman spectra were obtained using a Horiba LabRAM HR 

Evolution spectrometer with visible wavelength laser excitation 
(532 nm). The laser was focused through a confocal microscope with a 
50x objective (Olympus LMPLFLN50X) with 13.8 mW power at the 
sample. The Raman spectra were calibrated using a silicon standard with 
a reference band of 520.7 cm− 1. Powder samples were loaded into a 
corrosion-resistant cell (Harrick Scientific HVC, High-Temperature Re
action Chamber with CaF2 windows and Silcolloy 1000 coating) and 
connected to a gas flow control system (Brooks Model 5850E). A Harrick 
ATC Temperature Controller unit (ATC02415713100901) controlled the 
sample temperature. The Raman spectra were collected with a 100 µm 
hole with a CCD camera detector (Horiba Synapse plus BIDD), resulting 
in a spectral resolution of ~1 cm− 1. The gases used in Raman experi
ments were 40 % O2/Ar (Linde AR OX40C-K), ultrahigh purity Ar 
(Airgas AR UHP300), 6000 ppm NH3/Ar (Linde AR AM6000C-AS), and 
6000 ppm NO/Ar (Linde AR NO6000C-AS). The procedure for Raman 
spectral acquisition was as follows: catalyst dehydration was performed 
by flowing a gas mixture of 10 % O2 (18.75 cc min− 1 of 40 % O2/Ar) and 
Ar (56.25 cc min− 1) at 400 ◦C for 30 min, under which the spectrum 
acquisition was collected. A subsequent spectrum was also taken after 
lowering the temperature to 120 ◦C under flowing 10 % O2/Ar (18.75 cc 
min− 1 of 40 % O2/Ar and 56.25 cc min− 1 Ar) and flushing with Ar (75 cc 
min− 1) for 15 min. Subsequently, the catalysts were exposed to the re
action gas mixture at 120 ◦C for 15 min before being heated to 200 ◦C. 
The sample was then gradually heated to 500 ◦C (heating at a rate of 
10 ◦C min− 1). For water vapor-free SCR conditions, the reaction gas 
mixture contained 1000 ppm NH3 (12.5 cc min− 1 of 6000 ppm NH3/Ar), 
1000 ppm NO (12.5 cc min− 1 of 6000 ppm NO/Ar), 10 % O2 (18.75 cc of 
min− 1 40 % O2/Ar) and Ar (31.25 cc min− 1). For water vapor-containing 
SCR conditions, a reaction gas mixture of 1000 ppm NH3 (12.5 cc min− 1 

of 6000 ppm NH3/Ar), 1000 ppm NO (12.5 cc min− 1 of 6000 ppm NO/ 
Ar), 10 % O2 (18.75 cc min− 1 of 40 % O2/Ar) and Ar (27.5 cc min− 1) was 
flown through a water bubbler containing DI water inside a water bath 
at 31 ◦C and atmospheric pressure. The resulting water content was ~5 
molar %. The Raman reaction spectra were taken at 120 ◦C and from 
200 ◦C to 500 ◦C at 50 ◦C intervals. All the in situ Raman spectra in
tensities were normalized with respect to the TiO2 support’s Raman 
band at 150 cm− 1 as an internal standard using the Horiba LabSpec 
6.6.1.11 software designed for the Horiba LabRAM HR Evolution spec
trometer. In this study, in situ Raman spectra are collected under three 
conditions: dehydrated (no SCR reaction), SCR (water vapor-free SCR 
conditions), and SCR H2O (water vapor-containing SCR conditions).

2.2.3. In situ solid-state 51V MAS NMR spectroscopy
The 51V MAS NMR spectra were collected in situ, under controlled 

environmental conditions during acquisition that maintained samples in 
their pretreated states. Dehydrated catalyst samples were dried in 

flowing dry air (~20 cm3 mg− 1) at 400 ◦C for 3 h. The samples were then 
sealed inside the thermal treatment tube with isolation valves and 
transferred to a dry N2-purged glovebox (1 atm. total pressure) where 
the samples were loaded into 1.6 mm pencil-type ZrO2 NMR rotors and 
sealed for NMR analysis.

All of the solid-state 51V MAS NMR experiments were performed at 
room temperature on a Varian-Inova 600 MHz NMR spectrometer, 
operating at a magnetic field of 14.1 T. The corresponding Larmor fre
quency was 157.67 MHz. The 51V spectra were acquired with a single 
pulse sequence with a 3π/16 pulse width of 2.85 μs and a spectral width 
of 5 MHz at a sample spinning rate of 34 kHz, using a 1.6 mm pencil-type 
MAS NMR probe. Depending on the sample, about 100,000 to 1,000,000 
scans with a recycle delay time of 0.2 s and data acquisition time of 5 ms 
was employed. All the spectra were externally referenced using the 
center band of bulk V2O5 as the second reference, i.e., − 613 ppm with 
respect to the common reference of VOCl3 (0 ppm). While absolute 
quantitation is challenging due to the anisotropic line shapes and side
band intensity distributions, the reported relative signal intensities were 
based on consistent integration procedures across samples, with spectra 
acquired under identical pulse sequence conditions. This approach en
ables meaningful comparison of vanadium site distributions across the 
catalyst series.

2.3. Steady state performance of the SCR catalysts

Steady state reaction measurements were conducted using an online 
Gasmet DX4000 FTIR Gas Analyzer, specifically designed for monitoring 
the emissions of NOx. The reactor device was manufactured by Beijing 
Tongshenglida Technology Co. Ltd. Before the measurement, the gas 
analyzer was calibrated to generate a standard concentration curve for 
each reactant gas, which was later applied to quantify the measured 
results. Regarding the experimental protocol, approximately 120 mg of 
each catalyst was placed in a furnace supplied by Longkou Xianke In
strument Co. Ltd, heated to 400 ◦C (at a rate of 20 ◦C min− 1), held for 
30 min, and cooled down to 100 ◦C under pure O2 flow (50 cc min− 1) to 
dehydrate it. Subsequently, the reaction gases (total flow of 300 cc 
min− 1) were introduced into the system. The compositions of the reac
tion gases were as follows: 1000 ppm NO/1000 ppm NH3/10 % O2/N2 
for water vapor-free SCR conditions and 1000 ppm NO/1000 ppm NH3/ 
10 % O2/~5 % H2O/N2 for water vapor-containing SCR conditions. The 
O2 and N2 were pure gases, while NO and NH3 were 1 % with N2 bal
ance. All gases were supplied by Yancheng Zhengda Chemical Co. Ltd. 
The H2O was introduced into the reaction by bubbling the gases through 
the water bath at 31 ◦C and atmospheric pressure. The NO, NO2, N2O, 
and NH3 concentrations were recorded at 100, 200, 250, 300, 350, 400, 
and 500 ◦C (heating at a rate of 10 ◦C min− 1). The data was collected 
30 min after the reaction at each temperature. The N2O formation 
graphs were plotted on the same scale for comparison.

3. Results and discussion

3.1. Anchoring sites of supported POx promoters and surface VOx sites on 
the TiO2 support

The POx promoters and VOx sites anchor by titrating surface hy
droxyls on the oxide support [28,29]. The TiO2 support possesses both 
more acidic bridging Ti-(OH)-Ti (3630, 3660 and 3674 cm− 1) and more 
basic terminal Ti-(OH) (3710 cm− 1) surface hydroxyls [16,55]. 
Impregnation of 1 % V2O5 on the unpromoted TiO2 support (20 % 
monolayer surface VOx coverage for the current TiO2 support (Evonik 
P-25)) selectively titrates the terminal Ti-(OH) and some of the bridging 
Ti-(OH)-Ti (3674 cm− 1) surface hydroxyls, while also forming new 
surface V-(OH)-Ti (3640 cm− 1) surface hydroxyls [28,29]. Anchoring of 
5 % SiO2 onto the TiO2 support (80 % monolayer surface SiOx coverage) 
generates terminal surface Si-(OH) (3660 and 3773 cm− 1) surface hy
droxyls [29]. The lack of IR detectable titration of the Ti-(OH)-Ti and 
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Ti-(OH) surface hydroxyls is attributed to the overlap of the surface SiOx 
and TiO2 surface hydroxyls [29]. Anchoring of 1 % VOx on the surface 
modified SiOx/TiO2 support consumes both the Si-OH and Ti-(OH)-Ti 
surface hydroxyls and does not generate new detectable surface hy
droxyls [29]. Anchoring of 3.2 % ZrO2 onto the TiO2 support (80 % 
monolayer surface ZrOx coverage for the current TiO2 support (Evonik 
P-25)) forms both terminal Zr-(OH) (3750 cm− 1) and bridging 
Zr-(OH)-Zr (3710 and 3664 cm− 1) surface hydroxyls [29]. The lack of IR 
detectable titration of the Ti-(OH)-Ti and Ti-OH surface hydroxyls is 
attributed to the overlap of the surface ZiOx and TiO2 surface hydroxyls 
[29]. Impregnation of 1 % V2O5 on the promoted ZrOx/TiO2 support 
titrates all the types of surface hydroxyls (Zr-(OH)-Zr, Zr-(OH), 
Ti-(OH)-Ti and Ti-(OH)) present in this catalyst [29]. Anchoring of 7.9 % 
CeO2 onto TiO2 support (80 % monolayer surface CeOx coverage for the 
current TiO2 support (Evonik P-25)) titrates the Ti-(OH)-Ti (3661 and 
3630 cm− 1) surface hydroxyls and generates Ce-(OH) (3710 cm− 1) 
surface hydroxyls [28]. Impregnation of 1 % V2O5 on the surface 
modified CeOx/TiO2 support titrates all the Ce-(OH) and Ti-(OH) surface 
hydroxyls [28]. The lack of IR detectable titration of the Ti-(OH)-Ti and 
Ce-(OH)-Ce surface hydroxyls is attributed to the overlap of the surface 
CeOx and TiO2 hydroxyls [28]. In summary, (1) the extensive titration of 
the surface hydroxyls on the TiO2 support by the promoter oxides re
flects the two-dimensional nature of the promoters on the TiO2 support 
and (2) the surface VOx sites extensively anchor at both the oxide pro
moter surface hydroxyls, generating unique V-O-P ligands 
(P = Ce/Si/Zr), and also at the TiO2 surface hydroxyls [28,29], pre
sumably also forming mixed bridging surface V-O-Ti/P sites [56].

3.2. In situ Raman spectroscopy of unpromoted and promoted supported 
catalysts

Although the current TiO2 support (Evonik P-25) consists of bulk 
~80 % anatase and ~20 % rutile phases, the TiO2 anatase bands (150, 
201, 395, 510, and 631 cm− 1) [57,58] dominate the in situ Raman 
spectra (Fig. S1) due to the higher light-scattering efficiency of the 
anatase phase compared to the rutile phase. The absence of Raman vi
brations from crystalline CeO2 (464 cm− 1) [35,59], crystalline SiO2 
(970 cm− 1) [60], and crystalline ZrO2 (330 and 469 cm− 1) [61,62]
nanoparticles (Fig. S1) indicates that these oxide promoters are fully 
dispersed on the TiO2 support as two-dimensional surface oxide over
layers. The lack of Raman bands for crystalline V2O5 (997 cm− 1) [63]
nanoparticles in conjunction with the presence of Raman bands for the 
dehydrated surface VOx sites (1029 cm− 1) [5,64–66] (Fig. 1) confirms 
the complete dispersion of the surface VOx sites on the TiO2 support [5]. 
Moreover, there are no Raman bands indicative of crystalline bulk 
CeVO4 (860 cm− 1) [67,68] and bulk ZrV2O7 (769 cm− 1) [69]

nanoparticles on the promoted catalysts, demonstrating that these 
nanoparticles are not present on the promoted catalysts. Furthermore, 
the in situ Raman spectra of the dehydrated surface VOx sites on the 
unpromoted and promoted catalysts (Fig. 1) are rather similar, which 
reflects no significant variation in the terminal V––O bond vibration 
(~1029 cm− 1) of the dehydrated surface VOx sites as probed by Raman 
spectroscopy.

The vibrations of the terminal V––O bonds, however, were affected 
by the presence of water vapor and SCR reaction conditions from 120 to 
300 ◦C resulting from hydrogen bonding of adsorbed H2O and NH3 with 
the V––O bonds, which manifests as a ~5–10 cm− 1 redshift and broad
ening of the terminal V––O vibrational band (see IR and Raman spectra 
of Figs. S2-S6). The influence of H-bonding was minimal at 400–500 ◦C 
SCR reaction conditions since the surface concentrations of adsorbed 
H2O and NH3 are small at these elevated reaction temperatures. It can, 
thus, be surmised that the nature of the surface VOx sites on the TiO2 and 
surface modified POx/TiO2 supports at elevated temperatures are very 
similar under dehydrated and SCR reaction conditions.

3.3. In situ solid-state 51V MAS NMR spectroscopy of dehydrated 
supported VOx catalysts

Previous in situ solid-state 51V MAS NMR studies on the TiO2 support 
with the same surface VOx concentration (1 V/nm2) as in the present 
study revealed a wide range of surface VOx structures under dehydrated 
conditions [7]. All examined catalysts were shown to contain less than 
1 % of reduced vanadium V4+ when probed with Electron Paramagnetic 
Resonance (EPR) spectroscopy [7], indicating essentially fully oxidized 
vanadia sites following the dehydration protocols for the in situ NMR 
measurement. For the dehydrated supported 1 %V2O5/TiO2 catalyst 
(Fig. 2), the in situ 51V MAS NMR signals associated with monomeric 
surface VOx sites (-505 and − 531 ppm) accounted for 32 % of all 
vanadia spins, dimeric surface VOx sites (-561 and − 581 ppm) accoun
ted for 44 % of the total vanadia spins, oligomeric surface VOx sites 
(-646 and − 682 ppm) represented 15 % of the total detected spins, and 
12 % of the detected vanadia sites (-610 ppm) were attributed to bulk 
V2O5, which was not detected using in situ Raman spectroscopy and may 
represent an oligomeric surface VOx molecular structure that is similar 
to V2O5 [7,8]. The assignments of the 51V chemical shifts with respect to 
monomeric, dimeric, and oligomeric surface VOx species were proposed 
in previous publications and supported by DFT calculations [7,70]. With 
a similar approach pursued herein, the in situ solid-state 51V MAS NMR 
spectra of the dehydrated promoted (CeOx, SiOx, and ZrOx) supported 
VOx/TiO2 catalysts are presented in Fig. 2.

3.3.1. Supported 1 % V2O5/7.9 % CeO2/TiO2
The in situ solid-state 51V MAS NMR spectrum of the dehydrated 

supported 1 % V2O5/7.9 % CeO2/TiO2 catalyst (Fig. 2) exhibits a wide 
range of 51V spins. Two features from monomeric surface VOx sites are 
present at − 518 ppm (7 % of all V5+ sites) and − 544 ppm (21 % of all 
V5+ sites), suggesting the presence of distorted VO4 and VO5 square 
pyramidal-like structures, respectively [49]. The 51V NMR peak at 
− 567 ppm (11 % of total V5+ sites) is associated with dimeric surface 
VOx sites [7,49], but the contribution from distorted V-O-V chains 
within the surface VOx structures [71] cannot be neglected. A second 
dimeric surface VOx site (-589 ppm) accounts for almost half of the total 
oxidized surface vanadia pool (47 % of all V5+ sites). The 
ceria-promoted catalyst shows a higher population of dimeric surface 
vanadia sites than the unpromoted catalyst (58 % and 44 %, respec
tively), which suggests ceria stabilizes surface VOx dimer sites. The 51V 
NMR peak at − 621 ppm has been suggested to be surface vanadia 
oligomers [7,70] and appears to have overshadowed the band of V2O5 
nanoparticles (-614 ppm). A higher isotropic shift is absent for oligo
meric vanadia species at − 648 ppm [7]. Additionally, signals corre
sponding to the bulk CeVO4 phase (-427 ppm) and distorted surface VO4 
sites (-750 ppm) [71] are not detected, suggesting the absence of these 
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Fig. 1. In situ Raman spectra of dehydrated unpromoted and promoted sup
ported 1 % V2O5/POx/TiO2 catalysts at 400 ◦C for the region 800–1200 cm− 1 
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structures in the supported 1 % V2O5/7.9 % CeO2/TiO2 catalyst. Over
all, there is a shift from monomeric surface VOx to dimeric and oligo
meric surface VOx sites when the surface of the TiO2 support is modified 
with surface CeOx sites (see Table 1).

3.3.2. Supported 1 % V2O5/5.0 % SiO2/TiO2
The in situ solid-state 51V MAS NMR spectrum of the dehydrated 

supported 1 % V2O5/5.0 % SiO2/TiO2 catalyst (Fig. 2) exhibits the 
largest variation of surface VOx sites of all the examined supported 
vanadia catalysts. Monomeric surface vanadia sites (-512 and 
− 538 ppm) occupy about one-third of the total vanadia spins and two 
dimeric species (-569 and − 588 ppm) make up a similar percentage. The 
51V NMR peaks at − 620 ppm and − 641 ppm suggest the presence of 

similar oligomeric vanadia structures as for the ceria-promoted and 
unpromoted catalysts, respectively. The feature at − 605 ppm may be 
related to a trace of crystalline V2O5 nanoparticles [72] or oligomeric 
surface VOx sites with a similar coordination [7]. The two vanadia 
features at − 663 and − 685 ppm have not been previously reported for 
silica-promoted TiO2-supported vanadium oxide catalysts. They are 
likely associated with oligomeric vanadia species since surface vanadia 
oligomers typically exhibit NMR bands above − 600 ppm. Previous 51V 
MAS NMR measurements demonstrated a unique broad feature at 
− 675 ppm representing surface vanadia sites for the supported 
V2O5/SiO2 catalysts without conclusive evidence of what vanadia sites 
were present [72,73]. The absence of the 51V NMR peak at − 675 ppm 
for the supported V2O5/SiO2/TiO2 catalysts indicates that such a surface 

Fig. 2. In situ solid-state 51V MAS NMR spectra of dehydrated unpromoted and promoted titania-supported vanadia catalysts and their spectral deconvolution.
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VOx structure is not present on this catalyst. Overall, there is a shift from 
monomeric surface VOx to oligomeric surface VOx sites when the TiO2 
support is surface modified with surface SiOx sites (see Table 1).

3.3.3. Supported 1 % V2O5/3.2 % ZrO2/TiO2
The in situ solid-state 51V MAS NMR spectrum of the dehydrated 

supported 1 % V2O5/3.2 % ZrO2/TiO2 catalyst (Fig. 2) shows a strong 
resemblance to the spectrum of the ceria-promoted V2O5/CeO2/TiO2 
catalyst. The two structures of monomeric surface vanadia sites (-510 
and − 539 ppm) account for 32 % of the total V5+ sites. The isotropic 
chemical shifts of dimeric surface vanadia sites at − 563 and − 585 ppm 
indicate that these surface vanadia sites make up more than half (55 %) 
of the total surface vanadia sites. The 51V NMR peak at − 611 ppm (ac
counting for 13 % of detected surface V5+ sites) has been ascribed to 
bulk crystalline V2O5 or oligomeric surface VOx sites with a similar co
ordination [7]. The 51V NMR peak for oligomeric surface VOx structures 
(around − 621 ppm) is absent from the 51V NMR spectrum of the 
dehydrated supported 1 % V2O5/3.2 % ZrO2/TiO2 catalyst. Overall, 
there is a shift from monomeric surface VOx to dimeric surface VOx sites 
when the TiO2 support is surface modified with surface ZrOx sites (see 
Table 1).

3.3.4. Summary of dehydrated in situ 51V MAS NMR spectra
The distribution of dehydrated surface vanadia structures for the 

unpromoted and promoted supported 1 % V2O5/TiO2 catalysts, as 
determined with in situ solid-state 51V MAS NMR, is summarized in 
Table 1. There is a shift from monomeric to dimeric- (CeOx and ZrOx) 
and oligomeric-rich (SiOx) surface VOx sites for all the promoted sup
ported 1 % V2O5/TiO2 catalysts relative to the unpromoted catalyst. The 
V2O5 nanoparticles are essentially absent from the unpromoted catalyst 
and promoted 1 % V2O5/TiO2 catalysts. The surface VOx sites, when 
promoted with SiOx, exhibit a more uniform distribution among the 
surface VOx structures (see Fig. 1) in comparison to promotion with 
CeOx and ZrOx, which possess more than 50 % surface VOx dimers, and 
unpromoted 1 % V2O5/TiO2, which possesses mostly monomeric and 
dimeric surface VOx sites. These findings reveal how the specific 
dispersed surface POx sites [28,29] influence the molecular structures of 
the dehydrated surface VOx sites on the TiO2 support by modifying the 
available anchoring surface hydroxyls on the titania support.

In situ Raman spectroscopy reveals that the surface VOx structures at 
SCR at elevated reaction temperatures are similar to the dehydrated 
surface VOx sites rather than the hydrated surface VOx sites at lower 
temperatures [74]. This occurs because the surface concentration of 
water is low at elevated SCR reaction temperatures. Only at lower 
temperatures (<200 ◦C), which is much lower than the SCR reaction 
temperatures, does moisture condense on the catalyst surface and alter 
the surface VOx structures by hydration. 51V MAS NMR spectra of the 
hydrated catalysts and their detailed structural analyses are provided in 
the SI section. Note, however, that the hydrated surface VOx structures 
are not related to the high temperature SCR reaction where condense 

water is absent and, thus, are not included in the main text. The sup
ported VOx sites do show the sensitivity of the surface VOx sites to 
condensed water, which confirms the two-dimensional nature of the 
dehydrated surface VOx sites on the TiO2 support and absence of 3D 
nanocrystalline phases (e.g., V2O5).

3.4. Surface acidity under SCR reaction conditions

Water Vapor-Free SCR. In situ IR with ammonia adsorption was 
employed to chemically probe the dynamics of the Lewis and Brønsted 
acid surface sites under water vapor-free SCR reaction conditions, as 
shown in Fig. 3. Both Lewis and Brønsted acid surface sites are present 
on the unpromoted supported 1 % V2O5/TiO2 catalyst under water 
vapor-free SCR conditions at 1175–1180 cm− 1 for surface NH3* [77–79]
and 1427 cm− 1 for surface NH4

+* species [77,80] (Fig. S10a), respec
tively. The IR intensities of the Lewis and Brønsted surface ammonia 
species decrease with increasing temperature due to increased SCR re
action rates, accelerated NH3 desorption rates, and decreased NH3 
adsorption rates. With increasing temperature, for the unpromoted 
supported 1 % V2O5/TiO2 catalyst, the IR band for surface NH3* species 
on Lewis acid sites slightly blueshift from 1175 to 1180 cm− 1 

(Fig. S10a), reflecting an increase in the acid strength of the surface 
NH3* species at 300 ◦C, while the IR band for the surface NH4

+* species 
on Brønsted acid sites remains constant at 1427 cm− 1 in the 120–300 ◦C 
temperature range (Fig. S10a) before diminishing at 400 ◦C (Fig. 3b). At 
400–450 ◦C, the concentrations of Lewis NH3* and Brønsted NH4

+* sur
face species on the catalytic surface are significantly reduced and no 
longer detectable with FTIR (Fig. 3a,b). Moreover, the surface NH4

+* 
species from the Brønsted acid sites desorb at lower temperatures than 
the surface NH3* species from the Lewis acid sites [28,29]. Therefore, it 
is reasonable to expect a higher concentration of the surface NH3* 
species on the Lewis acid sites than surface NH4

+* on the Brønsted acid 
sites at a given reaction temperature under water vapor-free SCR reaction 
conditions (Table S2). The in situ IR spectra for the promoted supported 
1 % V2O5/TiO2 catalysts (Fig. S10b-d) exhibit the same general behavior 
of the surface NH3* and NH4

+* species on Lewis and Brønsted acid sites, 
respectively, as the unpromoted catalyst. As temperature rises from 
120 ◦C to 300 ◦C, the IR spectra of surface NH3* species on Lewis acid 
sites exhibit a slight blueshift for the CeOx- and ZrOx-promoted catalysts 
(1175–1183 cm− 1) (Fig. S10b,d), reflecting an increase in the acid 
strength of the surface NH3* species at 300 ◦C. The IR spectra of the 
surface NH4

+* species on Brønsted acid sites of the CeOx- and ZrOx-pro
moted catalysts, however, are essentially unperturbed and appear at 
1427 cm− 1 (Fig. S10b,d). The SiOx-promoted catalyst, however, does 
not indicate the presence of any surface NH3* species on Lewis acid sites 
at all reaction temperatures [29], and only exhibits the IR band for 
surface NH4

+* species on Brønsted acid sites at 1427 cm− 1 (Fig. S10c). At 
450 ◦C, the IR bands of Lewis acid sites of all the promoted catalysts are 
no longer detectable due to their low surface concentration (Fig. 3a). In 
contrast, the surface NH4

+* species on the Brønsted acid sites of CeOx- 
and ZrOx-promoted catalysts diminish at much lower temperatures of 
200 and 250 ◦C, respectively (Fig. 3b). Only the SiOx-promoted catalyst 
exhibits the presence of surface NH4* species on Brønsted acid sites at 
350 ◦C (Fig. 3b). This indicates that the SiOx-promoted catalyst pos
sesses Brønsted acid sites with stronger acid strength compared to the 
other catalysts. When the temperature is lowered from 500 to 400 ◦C, 
the amount of surface NH3* species on Lewis acid sites exhibits the 
following order: unpromoted > ZrOx-promoted > CeOx-promoted > >

SiOx-promoted (Fig. 3a), while the amount of surface NH4* species on 
Brønsted acid sites exhibits the following order: SiOx-promoted > >

unpromoted ~ CeOx-promoted ~ ZrOx-promoted (Fig. 3b). Collectively, 
the surface POx promoters decreased the number of surface Lewis acid 
sites, with surface SiOx completely suppressing the Lewis acid sites, and 
minimally perturbed the number of surface Brønsted acid sites, with 
surface SiOx increasing the number of Brønsted acid sites under water 
vapor-free SCR reaction conditions.

Table 1 
Summary of in situ solid-state 51V MAS NMR chemical shifts (ppm) with respect 
to surface vanadia concentration for each dehydrated unpromoted and pro
moted supported 1 % V2O5/TiO2 catalysts. Fractions are obtained from decon
volution of 51V MAS NMR spectra. 5–15 % quantitative errors reflect the 
combined effects of spectral noise/model variance, imperfect central-transition 
selectivity, and the absence of T₁ corrections [75,76].

Structures 1 % V2O5/ 
TiO2

1 % V2O5/ 
7.9 % CeO2/ 
TiO2

1 % V2O5/ 
5.0 % SiO2/ 
TiO2

1 % V2O5/ 
3.2 % ZrO2/ 
TiO2

Monomer 32 % 28 % 30 % 32 %
Dimer 41 % 58 % 33 % 55 %
Oligomer & 

Bulk like 
VOx

27 % 15 % 36 % 13 %
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Water Vapor-Containing SCR. The presence of ~5 % H2O in the SCR 
feed stream affects the surface acidity properties of the TiO2-supported 
catalysts. The intensity of the IR bands of the surface NH3* species on 
Lewis acid sites (~1200 cm− 1) and surface NH4

+* species on Brønsted 
acid sites (1427 cm− 1) are significantly diminished for both unpromoted 
and promoted supported 1 % V2O5/TiO2 catalysts (Fig. 3c). A blueshift 
of the IR band of the surface NH4

+* species on Brønsted acid sites from 
1427 to 1435 cm− 1 is observed (Fig. S11), reflecting an increase in the 
acid strength of the surface NH4

+* species for all catalysts under the water 
vapor-containing SCR reaction environment. This is related to the con
version of surface NH3* to NH4

+* species in the presence of water vapor 
[16]. The intensity of the IR bands of surface NH3* species on Lewis acid 
sites are extensively diminished for all examined catalysts (Fig. 3c). The 
surface NH4

+* species on Brønsted acid sites are present in all the cata
lysts under the water vapor-containing SCR reaction conditions (Fig. 3d) 
and exhibit higher intensities of the IR bands relative to those under the 
water vapor-free SCR reaction conditions (Fig. 3b), indicating an increase 
in the number of the surface NH4

+* species on the catalyst surface under 
the water vapor-containing SCR reaction environment. The IR bands for 
the surface NH4

+* species on Brønsted acid sites of both unpromoted and 
promoted catalysts (Fig. 3d) diminish at 450 ◦C. At temperatures lower 
than 400 ◦C under the water vapor-containing SCR reaction conditions, 
the amount of surface NH3* species on Lewis acid sites follows the order: 
ZrOx-promoted > unpromoted > CeOx-promoted > > SiOx-promoted 
(Fig. 3c). The corresponding trend of the surface NH4

+* species on 
Brønsted acid sites follows the sequence: SiOx-promoted > unpromoted 
> ZrOx-promoted > CeOx-promoted (Fig. 3d). These results demon
strate conversion of surface NH3* to NH4

+* species in the presence of 
water vapor in agreement with prior publications [18,19,23–26]. The 
extent of decrease in total surface acid sites, however, varies with the 

specific surface POx promoter. The unpromoted and redox (CeOx-) 
promoted catalysts are more sensitive to the inhibition effect than the 
non-redox (ZrOx-) promoted catalyst (Table S2 and S3). The exception is 
the SiOx-promoted catalyst that exhibits somewhat similar concentra
tions of Brønsted acid sites and no Lewis acid sites under both water 
vapor-free and water vapor-containing SCR reaction environments 
(Table S2 and S3), which reflects the hydrophobic nature of the SiOx-
surface modified TiO2 support. These results demonstrate that the 
number, strength, and stability of the surface acid sites of the supported 
1 % V2O5/TiO2 catalyst are significantly influenced by the surface POx 
promoters on the TiO2 support and the presence of water vapor in the 
feed.

3.5. Steady state SCR performance of unpromoted and promoted 
supported VOx/POx/TiO2 (P = Ce, Si, Zr) catalysts

Water Vapor-Free SCR. The unpromoted and promoted supported 1 % 
V2O5/TiO2 catalysts were investigated for the NO and NH3 SCR activity 
and N2O selectivity during the steady state reaction (see Fig. 4 and S12) 
between 100 and 500 ◦C. The unpromoted supported 1 % V2O5/TiO2 
catalyst becomes SCR-active at 200 ◦C and reaches its maximal NO 
conversion (76 %) at 400 ◦C (Fig. 4a). The conversion of NO experiences 
a slight decrease above 400 ◦C due to over-oxidation of the reducing 
NH3 needed for the SCR reaction [27]. The CeOx-promoted catalyst 
becomes SCR-active above 100 ◦C and achieves higher NO conversion 
(90 %) at 400 ◦C. Additionally, the redox CeOx-promoted catalyst 
maintains the highest NO conversion over a broad temperature range 
(200–400 ◦C) compared to the other catalysts (Fig. 4a). The promotional 
effect of the CeOx-promoted catalyst is attributed to the combined redox 
activity by the CeOx and the CeOx-promoted surface VOx sites [28]. To 
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further illustrate the promotional aspect of the CeOx-sites, the steady 
state SCR performance of the POx-promoted TiO2 catalysts (without VOx 
sites) is examined in Figure S13. The CeOx/TiO2 catalyst exhibits 
enhanced SCR activity, while the SiOx/TiO2 and ZrOx/TiO2 catalysts 
demonstrate almost no SCR activity (CeOx >> ZrOx ~ SiOx). The 
improved promotion of CeOx-containing catalysts for NOx conversion 
has previously been reported for the TiO2, VOx/TiO2, and WOx/TiO2 
catalyst systems [34,81–83]. At 500 ◦C, the NO conversion of the 
CeOx-promoted catalyst decreases due to over-oxidation of NH3, drop
ping to 55 % NO conversion compared to 60 % of the unpromoted 
catalyst (Fig. 4a). The ZrOx-promoted catalyst (Fig. 4a) shows a 
moderately lower maximal NO conversion (65 %) than the unpromoted 
catalyst over the examined temperature range of 100–500 ◦C and ex
hibits the lowest NO conversion among the catalysts. The conversion of 
NO by the SiOx-promoted catalyst (Fig. 4a) exhibits a comparable NO 
conversion to the unpromoted catalyst with only a slightly lower 

maximum value of 73 % at 400 ◦C. The similar SCR activity of the 
SiOx-promoted catalyst compared to the unpromoted catalyst was also 
previously found for the supported V2O5/WO3–TiO2 and V2O5/WO3/
TiO2 catalysts [37–39,84]. Noticeably, the SiOx promotion enhances the 
catalyst’s resistance to NH3 over-oxidation and exhibits approximately 
the same NO conversion (71 %) at 500 ◦C and (73 %) at 400 ◦C. In 
general, the order of NO conversion for all the catalysts can be sum
marized as follows: CeOx-promoted > > unpromoted > SiOx-promoted 
> ZrOx-promoted. Previous studies suggested the ligand bonds (V-O-P, 
P = Ce, Si, Zr) to be responsible for controlling the redox activity of the 
anchored surface VOx sites [28,29], which are the active sites for the 
SCR reaction on the supported V2O5/TiO2 catalysts [5,7,16]. The 
slightly comparable SCR activities of the unpromoted, SiOx-promoted, 
and ZrOx-promoted catalysts, however, suggest that the surface VOx 
sites are mostly preferentially anchored at the exposed surface TiOx sites 
of the support and possibly also possess similar surface VOx structures. 
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The formation of N2O increases with temperature from 200 to 500 ◦C 
under the water vapor-free SCR reaction conditions for all the examined 
catalysts (Fig. 4b). The unpromoted supported 1 % V2O5/TiO2 generates 
the highest N2O level between 200 and 400 ◦C, which is only surpassed 
by the SiOx-promoted catalyst at 500 ◦C (Fig. S12), with the other sur
face POx promoters mildly suppressing N2O formation (Fig. 4b). The 
N2O formation exhibits the following trend: unpromoted 
> CeOx-promoted > ZrOx-promoted > SiOx-promoted in the 
250–350 ◦C temperature range. The N2O generation propensity was 
previously shown to be inversely correlated with the strength of 
Brønsted acid sites [28,29] from inhibition by the stronger acid sites 
involved in the rate-determining step of N2O production [27]. The N2O 
generation trends herein demonstrate the same inverse correlation with 
the order of Brønsted acid strength, SiOx-promoted > ZrOx-promoted 
> CeOx-promoted > unpromoted (Table S2), in the 250–350 ◦C tem
perature range under the water vapor-free SCR reaction conditions. The 
stronger acid sites in SiOx- and ZrOx-promoted catalysts may suppress 
the further oxidation of the NH2- group in the [NHxNO] surface inter
mediate that precedes the formation of surface N2O [27]. At higher 
temperatures than 350 ◦C, the N2O generation demonstrates the 
following order: SiOx-promoted > unpromoted > ZrOx-promoted 
> CeOx-promoted. Correlation of N2O generation and the strength of 
Brønsted acid sites above 350 ◦C, however, is not feasible due to the 
decreased intensity of the FTIR signals from adsorbed ammonia mole
cules at these elevated SCR reaction temperatures (Table S2).

Water Vapor-Containing SCR. The effect of water vapor on the SCR 
activity of the promoted catalysts are also illustrated in Fig. 4 by the 
dashed lines. The presence of water vapor significantly decreases NO 
conversion over the temperature range of 100–400 ◦C for all the cata
lysts, concurring with previous reports [19,20,25,26]. At 400 ◦C, the 
terminal V––O vibrations demonstrate redshifts of ~3–7 cm− 1, trans
lating to 0.001–0.004 Å in the V––O bond lengths [85], for unpromoted, 
CeOx-promoted, and ZrOx-promoted catalysts compared to the dehy
drated conditions (Fig. S3-S6). This suggests some perturbation of the 
surface V––O bonds by gas phase H2O molecules. Thus, H2O molecules 
compete with NH3 and prevent them from interacting with the vanadia 
active sites, which is consistent with literature findings [5,18,19,23–26]. 
The NO conversion for unpromoted, promoted-SiOx and promoted-ZrOx 
catalysts reach their highest values at 500 ◦C (74 %, 67 %, and 56 %, 
respectively), instead of at 400 ◦C under water vapor-free SCR reaction 
conditions (Fig. 4a). The CeOx-promoted catalyst, however, achieves the 
maximal NO conversion (88 %) at 400 ◦C before mildly decreasing to 
77 % at 500 ◦C. The resulting order of NO conversion remains the same 
as that under the water vapor-free SCR environment: CeOx-promoted 
> unpromoted > SiOx-promoted > ZrOx-promoted. The effect of 
over-oxidation of NH3 is significantly suppressed, as indicated by the 
increase in NO conversion above 400 ◦C (Fig. 4a). Although water vapor 
does not impact the initial temperature of NO conversion, it delays N2O 
generation by 50 ◦C for the CeOx-promoted catalyst and 200 ◦C for 
SiOx-promoted catalysts (Fig. 4c). Most significantly, the presence of 
5 % H2O significantly diminishes the generation of N2O, which is 
attributed to decreased over-oxidation of NH3 to N2O (Fig. 4b). The 
over-oxidation of NH3 to N2O involves one NH3 molecule, either NH3* 
or NH4

+*, and one NO molecule [27,86–88] and the lower surface con
centration of ammonia in the presence of moisture most likely sup
presses this bimolecular reaction. The order of N2O formation exhibits 
the following trend: ZrOx-promoted > unpromoted > CeOx-promoted 
> > SiOx-promoted in the 200–400 ◦C temperature range. This co
incides with the order of the strength of Lewis acid sites discussed in the 
previous section: ZrOx-promoted > unpromoted > CeOx-promoted > >

SiOx-promoted. Previous work established that surface Lewis acid sites 
(NH3*) are converted into surface Brønsted acid sites (NH4

+*) under the 
influence of vapor water [16]. Considering this correlation between the 
strength of Lewis acid sites and N2O generation, it is proposed that 
surface Lewis acid sites possess greater activity than surface Brønsted 
acid sites for N2O formation on V2O5/TiO2 catalysts.

3.6. Relationship between surface acid sites and activity of NO/NH3 SCR 
reaction

Water Vapor-free NO/NH3 SCR. Under the water vapor-free NO/NH3 
SCR reaction conditions, the unpromoted, SiOx-promoted, and ZrOx- 
promoted supported 1 % V2O5/TiO2 catalysts exhibit comparable NO 
conversion activity in the 200–400 ◦C temperature range. The corre
sponding concentrations of surface Lewis acid sites, however, signifi
cantly vary for these catalysts (unpromoted > ZrOx-promoted >> SiOx- 
promoted). Furthermore, the SiOx-promoted catalyst does not even 
possess any surface Lewis acid sites. The absence of a correlation be
tween the SCR activity and concentration of surface Lewis acid sites 
indicates that the SCR activity doesn’t strongly depend on the number of 
surface Lewis acid sites of the catalyst. Furthermore, the absence of 
surface Lewis acid sites on the SiOx-promoted catalyst doesn’t prevent 
the SCR reaction from proceeding on this catalyst. Similarly, for the 
surface Brønsted acid sites of the same three promoted catalysts, there is 
no correlation between NO conversion and concentration of surface 
Brønsted acid sites since the concentration of surface Brønsted acid sites 
is much greater for the SiOx-promoted catalyst than the unpromoted and 
ZrOx-promoted catalysts. The CeOx-promoted catalyst has comparable 
surface concentrations of surface Lewis and Brønsted acid sites as the 
unpromoted and ZrOx-promoted catalyst but is much more active for 
NO/NH3 SCR because of the redox nature of CeOx (present as either 
surface CeOx sites and/or V-O-Ce bonds). In summary, there does not 
appear to be a clear relationship between the surface acid sites and the 
NO/NH3 SCR activity since the acidic properties don’t correlate with the 
SCR activity. The strength of surface Brønsted acid sites only correlates 
with the amount of produced N2O, as discussed in Section 3.5.

Water Vapor-containing NO/NH3 SCR. NO/NH3 SCR. While the 
unpromoted, SiOx-promoted, and ZrOx-promoted supported 1 % V2O5/ 
TiO2 catalysts exhibit comparable SCR activity in the 200–400 ◦C tem
perature range, the SCR activities don’t correlate with the number of 
surface Lewis and Brønsted acid sites. The unpromoted and ZrOx-pro
moted catalysts have comparable numbers of surface Lewis acid sites 
and SCR activity, while the SiOx-promoted catalyst doesn’t possess 
surface Lewis acid sites and has the same SCR activity as the other two 
catalysts. The number of surface Brønsted acid sites for all the catalysts is 
comparable in the 200–400 ◦C temperature range, but the SCR activity 
varies over a large range with the CeOx-promoted catalyst exhibiting 
much higher SCR activity. Thus, similar to the water vapor-free SCR re
action conditions, there does not appear to be a clear relationship be
tween the surface acid sites and the NO/NH3 SCR activity since the 
acidic properties don’t correlate with the SCR activity. The strength of 
surface Lewis acid sites only correlates with the amount of produced 
N2O, as discussed in Section 3.5, as a result of the interaction with 
moisture.

3.7. Relationship between concentration of surface monomers/dimers/ 
oligomers and activity of NO/NH3 SCR reaction

The fraction of dimer/oligomer surface VOx sites demonstrate a 
slight increase from 68 % for the unpromoted 1 % V2O5/TiO2 catalyst to 
68–69 % for the ZrOx- and SiOx-promoted catalysts, respectively, and 
73 % for the CeOx-promoted catalyst. Additionally, the CeOx- and ZrOx- 
promoted catalysts possess similar fractions of dimer and oligomer 
surface VOx species (Table 1). Therefore, the comparable SCR activities 
for the unpromoted, SiOx-, and ZrOx-promoted catalysts and enhanced 
SCR activities for the CeOx-promoted catalyst over the 200–400 ◦C 
temperature range, in the presence as well as absence of water vapor in 
the feed, suggest that, although the fraction of dimer/oligomer surface 
VOx sites might be important for SCR activity [7,89], other factors ul
timately drive the overall SCR activity for the vanadia-supported cata
lysts. One possible factor for the diverse SCR activity is that the surface 
VOx sites are anchored to different surface hydroxyls and support li
gands (Ti, Ce, Zr, Si) that are also known to exert a significant effect on 
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redox catalytic reactions [28,29,57,90,91]. Changing the specific oxide 
support ligand can alter the SCR TOFs by more than an order of 
magnitude [90], while a 40 % increase of the fraction of surface 
dimer/oligomer surface VOx sites results in a merely 6-fold increase in 
the SCR TOF [7]. The enhanced SCR activity of the CeOx-promoted 
catalyst, thus, is not related to the high fraction of surface dimer/
oligomer surface VOx sites in the CeOx-promoted catalyst but originates 
from the enhanced redox properties of the surface CeOx sites (Fig. S13) 
and bridging V-O-Ce bonds in this catalyst.

4. Conclusions

The unpromoted and Ce-, Zr-, and Si-promoted supported 1 % V2O5/ 
TiO2 catalysts consisted of completely dispersed surface VOx, CeOx, 
ZrOx, and SiOx sites on the TiO2 support. The surface VOx sites anchored 
to both the surface hydroxyls of the TiO2 support and the surface CeOx, 
ZrOx, and SiOx sites. As a result, the surface POx promoters modified the 
(1) anchoring sites of VOx on the surface modified TiO2 support by 
forming V-O-P bonds, (2) surface Lewis and Brønsted acid properties of 
the supported V2O5/TiO2 catalysts, but (3) did not significantly perturb 
the molecular structures of the surface VOx sites (monomer, dimer, and 
oligomer). The presence of water vapor had a minimal effect on the 
molecular structures of the surface VOx sites under the elevated SCR 
reaction conditions but generally increased the number of surface 
Brønsted acid sites. The presence of H2O vapor, however, did compete 
with the adsorption of NH3 and NO on the surface VOx sites and, thus, 
decreased the formation of N2O because of the lower surface concen
tration of adsorbed ammonia species. Among the promoters, the CeOx- 
promoted catalyst significantly increased the SCR activity because of 
ceria’s strong redox characteristic, both as surface CeOx sites on the TiO2 
support and formation of bridging V-O-Ce bonds. The SiOx- and ZrOx- 
promoted catalysts, however, did not increase the SCR activity because 
of their low redox activity both as surface ZrOx and SiOx sites on TiO2 
and formation of and bridging V-O-ZrOx and V-O-SiOx bonds. These new 
molecular level insights provide a fundamental understanding of the 
role of promoter surface metal oxide sites on titania-supported vanadia 
catalysts and an effective strategy for the rational design of advanced 
SCR catalysts for the abatement of NOx emissions. Additional insights 
into the surface hydroxyl anchoring sites, various bridging and terminal 
motifs, may be gained from solid-state 1H MAS NMR and advanced DFT 
modeling.
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