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ABSTRACT: Supported V2O5−WO3/TiO2 materials are employed as selective
catalytic reduction (SCR) catalysts for NOx emission control from power plants.
Fresh SCR catalysts usually receive exposure to harsh treatments in the industry to
accelerate catalyst activation (calcination in air at 650 °C) and catalyst aging
(hydrothermal aging at 650 °C) in a way that represents various points in the catalyst/
product lifetime. The present study investigates the catalyst structural and chemical
changes occurring during such harsh treatments. Three series of supported V2O5−
WO3/TiO2 catalysts were prepared by incipient-wetness impregnation of aqueous
ammonium metavanadate and metatungstate precursors. The catalysts were
subsequently dried and calcined at 550 °C in O2, 650 °C in O2, and hydrothermal
conditions (10% O2, 8% H2O, 7% CO2, and 75% N2) at 650 °C. The resulting
catalysts were physically characterized by numerous techniques (in situ Raman; in situ
IR; in situ high-field−high-spinning solid-state 51V MAS NMR; in situ electron
paramagnetic resonance; X-ray diffraction; Brunauer, Emmett, and Teller surface area;
and inductively coupled plasma) and chemically probed with adsorbed ammonia, SCR−TPSR, and the SCR reaction. The surface
WOx sites on the TiO2 support behave as a textural promoter that stabilizes the TiO2 (anatase) phase from sintering and
transforming to the undesirable crystalline TiO2 (rutile) phase that can lead to formation of a Ti1−xVxO2 (rutile) solid solution with
reduced V4+ cations (∼7−15%). The surface VOx sites are mostly oligomerized as surface V5+Ox sites (∼50−85% oligomers) and
the extent of oligomerization tends to increase with surface WOx coverage and calcination temperature. A major difference between
the calcined and hydrothermally treated catalysts was the low concentration of surface NH3* species on Lewis acid sites for the
hydrothermally treated catalysts, yet the SCR activity was almost comparable for both catalysts. This finding suggests that surface
NH4

+*, primarily associated with the surface VOx sites, are able to efficiently perform the SCR reaction. Given that multiple catalyst
parameters were simultaneously varying during these treatments, it was difficult to correlate the SCR activity with any single catalyst
parameter. A correlation, however, was found between the SCR TOF/activity and the sum of the surface NH3* and NH4

+* species,
which is dominated by the surface NH4

+* species.
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1. INTRODUCTION
The selective catalytic reduction (SCR) of NOx (NO and
NO2) with NH3 to harmless N2 and H2O products is given by
the overall reactions

4NO 4NH O 4N 6H O3 2 2 2+ + → + (1)

2NO 4NH O 3N 6H O2 3 2 2 2+ + → + (2)

The SCR technology finds industrial application to control
NOx emissions from power plants, industrial boilers, diesel
engines (trucks, locomotives, and watercrafts), gas turbines,
and gasoline engines (light duty automobiles). The catalysts
widely employed in power plants and industrial boilers consist
of supported V2O5/TiO2 promoted with other metal oxide
materials such as MoO3 or WO3. The supported V2O5−WO3/

TiO2 catalysts possess high SCR activity, thermal stability, and
resistance to sulfur oxide poisoning.1−3 The TiO2 (anatase)
support is considered the best performing support for SCR
catalysts because (i) both vanadium and tungsten oxides can
be uniformly dispersed on the TiO2 support below monolayer
surface coverage, (ii) titania promotes the catalytic activity of
the surface vanadium oxide sites, and (iii) titania is not
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corroded by the acidic SO2/SO3 and NOx components present
in the flue gas.1,2,4 The vanadium oxide component acts as the
catalytic active site that undergoes the redox reaction cycle.5−7

For such applications, the loading of vanadium oxide is
maintained at ∼1−2% V2O5 in order to minimize the
undesired oxidation of SO2 to SO3 and its further conversion
to sulfuric acid (H2SO4) in the presence of moisture in flue
gases.5,6,8 The tungsten oxide component itself exhibits very
low SCR activity in the absence of vanadium oxide, especially
at modest reaction temperatures, but acts as a promoter that
increases the SCR reaction rate of supported V2O5−WO3/
TiO2 catalysts.

9

Previous studies with supported V2O5/TiO2 and V2O5−
WO3/TiO2 catalysts calcined at 550 °C demonstrated that at
low surface coverage (<0.2 monolayer), the surface VOx sites
mainly present as isolated sites.6,10 As the coverage of
vanadium oxide increases, the surface VOx sites tend to
oligomerize.6,10 These changes were accompanied by an
increased population of surface NH4

+* species and enhanced
SCR activity. Addition of tungsten oxide to the supported
V2O5/TiO2 catalysts further increased (i) the extent of surface
VOx oligomerization, (ii) the number of surface NH4

+*
species, and (iii) the SCR activity. The corresponding
population of surface NH3* species, however, decreased since
the majority of surface NH3* species were associated with the
TiO2 support and the exposed titania sites decreased as the
concentration of surface VOx and WOx sites increased. These
detailed molecular level studies demonstrated for the first time
that surface WOx sites, which are inactive for SCR, promote
the SCR reaction by forming the more active oligomeric
surface VOx sites via a geometric effect and not an electronic
effect.7

High-temperature treatments of ∼500−700 °C are typically
applied to fresh catalysts in the industry to accelerate catalyst
activation (e.g., calcination at 650 °C) and establish a
reproducible testing condition (referred to as “degreening”)
or to accelerate catalyst aging in a way that represents various
points in the catalyst/product lifetime (e.g., hydrothermal aging
at 650°).11−14 Studies with fresh, supported V2O5−WO3/TiO2
SCR catalysts calcined from 350 to 550 °C have been
extensively reported,6 but fewer studies exist that explore the
effect of hydrothermal treatments on the catalyst structures
and SCR activity.15−26 The most detailed study to date about
the aging of supported V2O5−TiO2 catalysts under high-
temperature calcination and hydrothermal treatments was
recently reported by Marberger et al.15,16,27 It was observed
that SCR activity initially increases in the 500−600 °C range
owing to an increase in the formation of the more active
oligomerized surface VOx sites brought about by the increase
in surface VOx density associated with the loss in surface area
of the TiO2 support. At the higher temperature treatment of
650 °C, the SCR activity decreases, but the origin of the
decrease was not fully understood. Activation at 500 °C also
resulted in removal of surface sulfate species that were present
in this catalyst and an increase in the number of surface NH3*
species. A more detailed understanding of the changes that
take place during the activation and aging of the V2O5−WO3/
TiO2 SCR catalyst is warranted to better elucidate the
structural changes of the catalytic active sites and their effects
on the SCR reaction.
The current research explores the influence of hydrothermal

treatments on the TiO2 support (surface area, crystalline bulk
phases, and surface region), surface VOx sites [molecular

structure and acidity (surface NH3* on Lewis acid sites and
surface NH4

+* on Brønsted acid sites)], V4+ sites in Ti1−xVxO2
solid solution,28 surface WOx sites (molecular structure and
acidity), and the SCR performance. The investigation employs
a wide arsenal of characterization techniques [inductively
coupled plasma (ICP) analysis of V; Brunauer, Emmett, and
Teller (BET); X-ray diffraction (XRD); in situ Raman; in situ
high-sensitivity−low-energy ion scattering (HS-LEIS); in situ
high-field 51V MAS NMR; in situ electron paramagnetic
resonance (EPR); and in situ IR studies]. The combination of
detailed characterization and SCR activity studies establishes
unique insights into the structure−activity relationships for this
catalytic system.
The findings from the current studies reveal, for the first

time, that one of the critical roles of surface WOx sites on the
TiO2 support is to stabilize supported 1% V2O5−x% WO3/
TiO2 catalysts by retarding formation of a poorly active thin
surface Ti1−xVxO2 (rutile) mixed oxide layer under harsh
environmental conditions. Secondary well-known important
roles of surface WOx are to stabilize the surface area of the
TiO2 support and retard the bulk transformation of TiO2
(anatase) to TiO2 (rutile). For all these negative effects,
monolayer quantities of surface WOx sites are found to be
most effective in minimizing these structural changes. The
surface VOx sites are primarily present as oligomeric species
due to the high metal oxide surface density after calcination
and hydrothermal treatment at 650 °C and minimal
volatilization of VOx. Only a small fraction of V4+Ox dissolves
into the TiO2 (rutile) lattice forming a solid solution after the
high-temperature treatments. Surprisingly, the hydrothermally
treated catalysts only possess a small amount of surface NH3*
species on Lewis acid sites and primarily contain surface
NH4

+* species on Brønsted acid sites. Generally, the catalysts
lose activity when calcined at 650 °C in O2 (representative of a
freshly activated catalyst) and hydrothermally aged (HTA) at
650 °C (representative of an aged working catalyst), but the
activity difference between the activated and aged catalysts is
not as significant as previously thought.

2. EXPERIMENTAL SECTION
2.1. Catalyst Preparation. The V2O5−WO3/TiO2 and

WO3/TiO2 catalysts were synthesized by incipient-wetness
impregnation of aqueous ammonium metavanadate and
ammonium metatungstate solutions onto a crystalline TiO2
support (Evonik, P-25, ∼55 m2/g, ∼80% anatase). Appropriate
volumes of aqueous solutions of ammonium metatungstate
(0.06 M) or ammonium metavanadate (0.35 M) were
impregnated into the TiO2 support. After thoroughly mixing
for 30 min, the catalysts were dried overnight under ambient
conditions with one of the precursors. The impregnation was
repeated with the second precursor, and the catalysts were
again dried overnight under ambient conditions. Unless
otherwise indicated, the first impregnation involved the use
of ammonium metatungstate. The catalysts were further dried
in flowing dry air at 120 °C for 2 h and finally calcined in
flowing dry air at 550/650 °C for 4 h. HTA catalysts were
further treated in flowing 10% O2, 8% H2O, 7% CO2, and 75%
N2 at 650 °C for 50 h.

2.2. BET Surface Areas. The BET surface areas of both
fresh and HTA catalysts were measured by a three-point flow
BET method with an Altamira Instruments system (AMI 200)
equipped with a TCD detector. Prior to BET surface area
measurement, the catalysts were heated at ∼150 °C for 1 h to
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remove residual adsorbed moisture. BET surface area measure-
ments used nitrogen gas as the adsorbate at liquid nitrogen
temperature. The N2 adsorption/desorption amounts were
measured at three different partial pressures (P/P0 = 0.14, 0.22,
and 0.30) for the calculation of surface area.
2.3. XRD Analysis. The XRD patterns were measured with

a Rigaku MiniFlex II diffractometer using Cu Kα radiation
(1.5418 Å). Full scans of 10−70° (2θ) were measured with a
scan rate of 1 °/min. The major peaks at 20−60° (2θ) were
measured with a scan rate of 0.1 °/min. The extent of the
anatase to rutile phase transition in titania was determined by
Rietveld refinement.
2.4. In Situ Raman Spectroscopy. The static and time-

resolved Raman measurements of the molecular structures of
the catalysts were determined with visible (532 nm) laser
excitation on a single-stage HORIBA Jobin Yvon Laboratory
LabRam HR Raman spectrometer with a confocal microscope
(Olympus BX-30) and a notch filter (Kaiser Super Notch).
The visible excitation was generated by an Nd-YAG double-
diode pumped laser (Coherent Compass 315M-150, an output
power of 150 mW with power at the sample of 10 mW). The
scattered photons were directed into a single-stage mono-
chromator and focused onto a UV-sensitive liquid N2-cooled
CCD detector (HORIBA Jobin Yvon CCD-3000V) with a
spectral resolution of ∼1 cm−1 for the given parameters.
Powder samples were loaded into a Harrick Scientific cell
(HVC-DRP4), which was directly connected to a gas control
system consisting of Brooks model 5850E mass flow
controllers and a Brooks model 0254 control unit. After
catalyst preparation and subsequent calcination or calcination/
HTA treatment, Raman spectra of the dehydrated samples
were obtained by heating the samples under flowing 10% O2/
Ar for 1 h at 600 °C to dehydrate them. After 1 h at the
indicated temperature, the samples were cooled to 110 °C
under flowing 10% O2/Ar, and the Raman spectra were
recorded. The temperature of the reaction chamber was
controlled by the Harrick ATC Temperature Controller unit.
2.5. In Situ HS-LEIS Spectroscopy. The distinction

between elements present on the outermost catalyst surface
(mostly V and W) and below the outermost surface (Ti) was
determined with HS-LEIS spectroscopy. Analysis was con-
ducted with the Qtac100 HS-LEIS spectrometer (ION-TOF)
equipped with a highly sensitive double toroidal analyzer that
provides 3000-fold higher sensitivity than conventional LEIS
spectrometers and allows for quantitative dynamic depth
profiling. The catalyst samples were prepared for HS-LEIS
analysis by compressing the grains within appropriate sample
holders (cylindrical dies). Each catalyst sample was initially
heated under vacuum in the pretreatment chamber to
approximately 80 °C for outgassing. A 10% O2/Ar mixture
was then introduced, resulting in a chamber pressure of 10−12
mbar. The catalyst samples were then dehydrated in the static
O2/Ar environment of the pretreatment chamber at 600 °C for
1 h. After cooling and evacuation of the pretreatment chamber,
each catalyst sample was transferred into the UHV chamber
containing the HS-LEIS spectrometer for surface analysis. The
HS-LEIS spectra were collected over a 1.5 × 1.5 mm raster
using a 5 keV Ne+ ion primary beam with a dose of 2 × 1014

Ne+ cm−2 cycle−1. Depth profile spectra were obtained by
sputtering with 1.0 keV Ar+ over a 2.0 × 2.0 raster with a total
dose of 2 × 1016 Ar+ cm−2. A sputter dose of 1 × 1015 Ar+ cm−2

per cycle was used, which removes ∼0.3 nm that corresponds
to approximately one monolayer. Prior to calculating the

atomic M/Ti (M = V or W) ratios, each elemental spectrum
area was corrected using sensitivity factors calculated from the
relative integrated intensities of each element compared to a
gold standard measured using a 5 keV Ne+ primary ion beam.
The resulting ratios were then normalized using the BET
surface area of each sample, thereby correcting for thermally
derived surface area loss.

2.6. In Situ Solid-State 51V MAS NMR Spectroscopy.
All high-field−high-spinning solid-state 51V MAS NMR
measurements were conducted with a 14.1 T Bruker 600WB
spectrometer utilizing a commercial 2.5 mm pencil-type MAS
probe. The corresponding Larmor frequency was 157.778
MHz. Single-pulse NMR experiments were conducted with a
3π/16 pulse width of 1.5 μs, a delay time of 0.2 s, a spectral
width of 1 MHz, and an acquisition time of 4.096 ms.
Collection of the solid-state 51V MAS NMR spectrum
employed at least 500,000 scans. All the NMR spectra were
externally referenced to the center band of bulk V2O5 at
−613.8 ppm relative to VOCl3. All prepared catalyst samples
were further dehydrated in flowing dry air at 400 °C before
being transferred to an N2-filled glovebox and loaded into the
NMR rotors. The NMR measurements were performed at a set
temperature of 25 °C, which corresponds to a spinning-
induced temperature elevation to ∼60 °C at the employed
spinning rates. Spectral deconvolution was conducted using
the DMFIT program, and sample spinning rates of 32−35 kHz
were used for all 600 MHz experiments.

2.7. In Situ EPR Spectroscopy. All catalyst samples were
initially dehydrated in air at 400 °C in flowing dry air before
cooling to −148 °C (125 K) for the in situ EPR measurements.
Continuous wave EPR X-band (9.30 GHz) spectra were
collected with a Bruker Elexsys 580 EPR spectrometer. The
field was modulated at 100 kHz and a microwave power of 30
dB, with a receiver gain of 80 and four repetitions. The weight
percent of vanadium as V4+ was calculated using a 0.25 mM
aqueous solution of VO2 dissolved with a small amount of HCl
and converted the integrated intensity to equivalent mg of V4+

and dividing by the mass of the sample.
2.8. In Situ Temperature-Programmed IR Spectros-

copy. The time-resolved, TP-IR spectroscopy experiments
were performed on a Thermo Nicolet 8700 FTIR spectrometer
equipped with a Harrick Praying Mantis Attachment (model
DRA-2) for diffuse reflectance spectroscopy and a high-
sensitivity mercury−cadmium−telluride (MCT-A) detector.
Powder catalyst samples were loaded into the Harrick
Scientific cell (HVC-DRP4), and the cell was connected to a
gas control system. The Harrick ATC Temperature Controller
unit controlled the temperature of the reaction chamber. As
the first step in conducting measurements, the samples were
dehydrated under flowing 10% O2/Ar for 1 h at either 450 °C
(samples previously calcined at temperatures below 600 °C) or
600 °C (samples previously calcined at 650 °C). After 1 h at
the indicated temperature, the samples were cooled to 110 °C
under flowing 10% O2/Ar and IR spectra of the dehydrated
samples were recorded. Subsequently at 110 °C, 10% O2/Ar
was replaced by flowing Ar (30 mL/min; 20 min) and then by
flowing 2000 ppm NH3/He (30 mL/min; 30 min).
Physisorbed NH3 was removed by flowing Ar (30 mL/min;
30 min). For SCR reactions with NO, Ar was replaced by
flowing 2000 ppm NO/He (30 mL/min), and the catalyst was
heated to 450 °C at 5 °C/min. In both cases, IR spectra were
recorded at 50 °C intervals.
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2.9. Steady-State SCR Reactivity Studies. The SCR
reactivity of the supported V2O5−WO3/TiO2 catalysts was
investigated in a fixed-bed reactor (Altamira AMI-200
temperature-programmed system) equipped with a quartz
reactor tube and an online quadrupole mass spectrometer
(Dycor Dymaxion DME200MS) for reactant conversion and
product analysis. Typically, ∼30 mg of catalyst was loaded into
a U-type quartz tube and pretreated with 10% O2/He at 600
°C for 1 h to remove adsorbed organic impurities or moisture
and to ensure that the surface VOx and WOx species on the
TiO2 support are fully oxidized. The catalyst bed was
subsequently flushed with He for 10 min, cooled in He to
the reaction temperature, and the SCR reaction mixture was
then introduced [35 mL/min of NH3/He (2000 ppm), 35
mL/min of NO/He (2000 ppm), and 5 mL/min of 5% O2/
He] to obtain a volumetric ratio of NH3/NO/O2 of 1:1:3.5.
The steady-state SCR reaction was performed for 2 h at several
temperatures (200, 250, 275, 300, and 325 °C) to ensure that
steady-state reaction conditions were attained. Reaction tests at
each temperature were performed in triplicate to confirm the
reproducibility of the data. During the SCR reaction, care was
taken to avoid heat and mass transfer limitations by employing
small particles (∼20 nm) and maintaining low NO conversion
(∼10%).29 The gases exiting the quartz reactor were analyzed
by an online mass spectrometer to determine the rates of
reactant conversion (NO, NH3, and O2) and reaction product
formation (N2, NO2, and N2O). The following mass
spectrometer m/z values were employed for the identification
of the exiting gases: O2 (m/z = 32), N2 (m/z = 28), NH3 (m/z
= 17), NO (m/z = 30), NO2 (m/z = 46), and N2O (m/z =
44).

3. RESULTS
3.1. Catalyst Bulk V Content, Surface Area, and Bulk

Structure of TiO2 Support. The V content of the 650 °C
calcined and hydrothermally treated catalysts was determined
by ICP analysis. The volatilization of VOx was minor and
corresponded to only ∼0.02 wt % of V as shown in Table S1.
The small loss of VOx from the hydrothermal treatments did
not vary with the tungsten oxide loadings, demonstrating that
tungsten oxide content does not influence the volatilization of
VOx from the catalysts under the hydrothermal conditions
examined herein. The BET specific surface areas of the
catalysts calcined at 550 and 650 °C (in flowing air for 4 h)
and the further hydrothermally treated catalysts (650 °C for 50
h in flowing 10% O2, 8% H2O, 7% CO2, and 75% N2) are listed
in Table 1. The bare TiO2 support possessed a BET surface
area of ∼55 m2/g and addition of 1% V2O5 and x% WO3 with
calcination at 550 °C slightly decreasing the BET. The 650 °C
calcination treatment decreased the BET surface area to ∼28−

45 m2/g for the supported V2O5−WO3/TiO2 catalysts with the
loss in BET surface area diminishing with increasing tungsten
oxide loading. Hydrothermal aging at 650 °C further decreased
the BET surface area of the supported V2O5−WO3/TiO2
catalysts to 17−37 m2/g with increasing tungsten oxide
loading again diminishing the decrease in BET.
The XRD diffractograms of the calcined catalysts (650 °C)

are given in Figure 1 and show that the TiO2 (P-25)-

containing catalysts are mainly dominated by the TiO2
(anatase) phase with a smaller amount of rutile phase
(∼20%) present (see Table S2) and also confirm the absence
of the TiO2 (brookite) phase. The characteristic XRD peaks of
the TiO2 (anatase) phase (major peaks: 2θ at 25.4, 38.0, 48.0,
and 54.7°) are all present, and XRD peaks corresponding to
crystalline V2O5 or WO3 nanoparticles are not present.
Comparison of the XRD diffractograms of the calcined and
hydrothermally treated catalysts reveals that the TiO2 (rutile)
phase (major peaks: 2θ at 27.4, 36.1, 41.3, 54.4, and 57.2°)
increased from 23 to 42% for supported 1V1WTi and from 19
to 28% for supported 1V8WTi after the hydrothermal
treatment. Tungsten oxide, thus, has a significant positive
effect on supported V2O5/TiO2 catalysts by stabilizing both
the TiO2 (anatase) bulk phase and its BET during exposure to
the harsh hydrothermal environmental conditions.
The Raman spectra for the TiO2-supported V2O5−WO3

catalysts from the bulk region of the TiO2 support (200−700
cm−1) are presented in Figure 2 (figures on right). The initial
calcined catalysts exhibit only the vibrations of TiO2 (anatase),
reflecting its structural dominance (∼80% in the starting TiO2
support). Although Raman spectroscopy can readily distin-
guish between the vibrations of bulk TiO2 (anatase) (797, 632,
510, and 395 cm−1) and bulk TiO2 (rutile) (610 and 435
cm−1) phases, the Raman scattering for the TiO2 (anatase)
phase is much greater than for the TiO2 (rutile) phase, making
it difficult to detect small fractions of the TiO2 (rutile) phase in
the catalysts.30−33 The hydrothermally treated catalysts also
exhibit the Raman vibrations of the TiO2 (anatase) phase with
exception of the 1V1WTi catalyst that only shows the
vibrations of TiO2 (rutile). The absence of Raman bands
from the more efficient scattering of the TiO2 (anatase) phase
indicates that the anatase phase is not present in the outer
surface region being sampled by the 532 nm laser and suggests

Table 1. BET-Specific Surface Areas for Supported V2O5−
WO3/TiO2 Catalysts after Calcination (650 °C for 4 h in
Flowing Air) and Hydrothermal Treatment (650 °C for 50 h
in Flowing 10% O2, 8% H2O, 7% CO2, and 75% N2)

BET surface areas (m2/g) of supported VWTi catalysts after calcination and
hydrothermal aging

cal. 4 h
(550 °C)

cal. 4 h
(650 °C)

hydrothermal 50 h
(650 °C)

1V1WTi 51 28 17
1V5WTi 54 40 31
1V8WTi 53 45 37

Figure 1. XRD diffractograms of the supported 1V1WTi and 1V8WTi
catalysts calcined and HTA at 650 °C.
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the presence of an outer TiO2 (rutile) shell layer that
encapsulates the inner TiO2 (anatase) phase (core−shell
model).
3.2. In Situ Raman Spectroscopy of TiO2-Supported

VOx and WOx Phases. The in situ Raman spectra of the
calcined supported V2O5−WO3/TiO2 catalysts under dehy-
drated conditions in the vanadium oxide and tungsten oxide

vibrational regions (700−1200 cm−1) are displayed in Figure 2
(figures on the left). The absence of characteristic strong
Raman bands from crystalline V2O5 (∼995 cm−1) and WO3

(∼805 cm−1) indicates that these crystalline nanoparticles are
not present in the calcined catalysts. The Raman band at
∼1030 cm−1 is characteristic of mono-oxo surface V5+Ox

sites.5,6,8 The Raman band at ∼1010 cm−1 is characteristic of

Figure 2. In situ Raman spectra of dehydrated, calcined (650 °C for 4 h in flowing airlabeled “0 h” of hydrothermal treatment), and HTA (650
°C for 50 h in flowing 10% O2, 8% H2O, 7% CO2, and 75% N2) catalysts (supported 1% V2O5−x% WO3/TiO2 catalysts with x = 1, 5, or 8).
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mono-oxo surface W6+O5 sites.
5,6,34 The broad band at ∼930

cm−1 arises from the vibration of the bridging V−O−Ti
bond.5,6,9 The positions of the Raman bands for the surface
VOx and WOx sites blue-shift (∼1027 → 1030 cm−1 and 1007
→ 1010 cm−1, respectively) with increasing surface vanadia
and tungsta coverage from vibrational coupling of adjacent
VO/VO, WO/WO, and possibly VO/WO
bonds.10,35−37 Recent cutting-edge high-field, solid-state 51V
MAS NMR measurements of supported V2O5/TiO2 catalysts
calcined at 550 °C confirm that the surface VOx sites are
predominantly isolated at low surface coverage and pro-
gressively oligomerize with increasing surface vanadia coverage
on the TiO2 support.

5,38 The positions of VO and WO
vibrations, thus, reflect extensive oligomerization of the surface
VOx and WOx sites on the titania support for the calcined
catalysts at 650 °C. The same VO and WO vibrations
from the catalysts indicate that similar surface VOx and WOx
sites are present on the calcined catalysts. The supported 1%
V2O5−8% WO3/TiO2 catalyst corresponds to approximately
monolayer coverage of surface VOx and surface WOx sites on
the TiO2 support as evidenced by the absence of remaining
anchoring Ti−OH surface hydroxyls as monitored by in situ IR
spectroscopy.39

The in situ Raman spectra of the hydrothermally treated
catalysts under dehydrated conditions in the vanadium oxide
and tungsten oxide vibrational regions (700−1200 cm−1) also
appear in Figure 2 (figures on the left). The supported
1V1WTi catalyst possesses severely diminished Raman bands
from the surface VOx and WOx sites after the hydrothermal
treatment. This may indicate a number of possible scenarios:
(i) the weaker Raman scattering from the TiO2 (rutile) phase
relative to that of the TiO2 (anatase) phase also diminishes the
intensity of Raman scattering from the surface metal oxide
sites, (ii) surface VOx is reduced to V4+ that is soluble in the
TiO2 (rutile) lattice,17,38,39, or (iii) volatilization of VOx and
WOx into the gas phase during the harsh hydrothermal
treatment.40−43 A small amount of V4+ detected by EPR (Table
S3) and only trace amounts of vanadium volatilization (Table
S1) indicate that the absence of detectable Raman bands from
the surface VOx and WOx sites is related to the weaker Raman
scattering from the outer TiO2 (rutile) layer of the support in
this catalyst. In contrast, the more hydrothermally stable
supported 1V5WTi and 1V8WTi catalysts that are dominated
by the Raman vibrations of TiO2 (anatase), with its associated
stronger Raman scattering, still exhibit the characteristic
Raman bands of the dehydrated surface VOx and WOx sites
on the TiO2 support. The same dehydrated surface VOx and
WOx sites on the TiO2 support, thus, are present for both the
650 °C calcined and hydrothermally treated supported 1%
V2O5−5% WO3/TiO2 and 1% V2O5−8% WO3/TiO2 catalysts.
3.3. In Situ HS-LEIS Surface Analysis. The HS-LEIS

depth profile plots for the supported V2O5−WO3/TiO2
catalysts are presented in Figure 3a (V/Ti) and 3b (W/Ti).
For both the 1V1WTi and 1V8WTi catalysts, the V/Ti ratios
monotonically decreased in the outermost surface layer with
sputtering depth indicating that V is predominantly present on
the outermost surface layer as surface VOx sites on the TiO2
supports. The V/Ti ratio at the outermost surface layer slightly
increased for the 1V1WTi catalyst upon hydrothermal aging
and reflects the increased surface VOx coverage due to the
decrease in the BET surface area (see Table 1). The V/Ti ratio
at the outermost surface layer, however, slightly decreased for
the more thermally stable 1V8WTi catalyst upon hydrothermal

aging. The W/Ti ratio at the outermost surface layer for the
1V8WTi catalyst increased upon hydrothermal aging and
reflects the increased surface WOx coverage due to the
decrease in the BET surface area (see Table 1). The W/Ti
ratios for the calcined and HTA 1V1WTi catalysts are almost
the same. The HS-LEIS findings demonstrate that both
vanadia and tungsta are predominantly present as surface
VOx and WOx sites at the outermost surface layer of the TiO2
support.

3.4. In Situ Solid-State High-Field−High Spinning 51V
MAS NMR. The in situ solid-state 51V MAS NMR spectra for
the dehydrated titania-supported vanadium oxide catalysts that
were HTA and calcined at 650 °C are presented in Figures 4
and S1, respectively. The 51V MAS NMR peak assignments are
based on prior experimental studies and density functional
theory based theoretical calculations.5,38 The isolated surface
VOx sites have been assigned to the peaks between −480 and
−529 ppm. The dimeric and higher oligomeric surface VOx
sites have been assigned to the peaks at −555 to −630 ppm.
The crystalline V2O5 nanoparticles or larger 2D surface
oligomeric sites give rise to the peak at −613 ppm with
higher tungsten oxide loadings. The peaks between −530 and
−555 ppm, however, are challenging to assign due to the
technical limitations from the prior literature NMR studies.

Figure 3. HS-LEIS atomic surface ratios for the dehydrated supported
catalysts calcined and HTA at 650 °C: (a) HS-LEIS atomic surface V/
Ti ratios for the dehydrated supported 1% V2O5−x% WO3/TiO2
catalysts calcined and HTA at 650 °C; (b) HS-LEIS atomic surface
W/Ti ratios for the dehydrated supported x% V2O5−y% WO3/TiO2
catalysts calcined and HTA at 650 °C. Depth profile spectra were
obtained by sputtering with 1.0 keV Ar+ [sputter dose of 1 × 1015 Ar+

cm−2 corresponds to about one layer (∼0.3 nm)].
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The extensive overlap of the resonant peaks from different
surface vanadia sites require suitable sets of standard samples
to further clarify possible surface VOx structures on the TiO2
support. Based on prior computational work and 51V MAS
NMR experimental results, the 51V NMR peaks can be
assigned as an array of isolated surface VOx sites on the titania
support: distorted VO4 with a nearby OH or oxygen vacant
VO4 (−480 ppm), distorted VO4 (−507 ppm), and distorted
VO5 (−533 ppm).
The percentages of oligomeric surface VOx sites as a

function of catalyst composition and treatments [calcined at
550 °C,5 calcined at 650 °C (Figure S1), and HTA at 650 °C]
as determined by solid-state 51V MAS NMR of the dehydrated
supported V2O5−xWO3/TiO2 catalysts are presented in Figure
5. For the 550 °C calcined catalysts, the percent of oligomeric
surface VOx sites increases with surface WOx coverage.5

Although the 51V MAS NMR spectra of the dehydrated
supported 1V1WTi and 1V8WTi catalysts calcined at 550 °C
were not recorded, the % oligomer for these catalysts could be
estimated from the corresponding 1VTi-550 °C, 1V3WTi-350
°C, and 1V5WTi-550 °C catalysts since the % of surface VOx
oligomers was found to smoothly vary with WOx loading.5

Increasing the calcination temperature to 650 °C increases the
percent of oligomeric surface sites for the 1V1WTi catalyst,
minimally affects the oligomeric fraction of surface VOx sites
for the 1V5WTi catalyst, and decreases the extent of surface
VOx oligomers for the 1V8WTi catalyst. For the catalysts HTA
at 650 °C, the percent of oligomeric surface VOx modestly
increases for 1V1WTi and 1V5WTi catalysts but decreases for
the 1V8WTi catalyst. The overall trends are that the extent of
oligomerization of the surface VOx sites increases with harsher
thermal treatment for the 1V1WTi and 1V5WTi catalysts, but
the extent of oligomerization of the surface VOx sites decreases
with harsher thermal treatment for the 1V8WTi catalyst.

3.5. In Situ EPR Spectroscopy of Paramagnetic
Reduced V4+ Sites. Although solid-state 51V MAS NMR
spectroscopy can only detect V5+ sites, paramagnetic reduced
V4+ sites in the supported V2O5−WO3/TiO2 catalysts can be
detected with EPR spectroscopy. The in situ EPR spectra of the
supported VWTi catalysts are presented in Figure 6. Analysis
of all V4+ spins in the catalysts, which represents 95% of the
total EPR signal, reveals a relatively narrow feature for the
supported 1V1WTi catalysts that broadens at higher tungsten
oxide content. This superposition of broad spectral features
over the narrow ones is indicative of V4+ spins that are spatially
close (oligomerized sites). The EPR signal for Ti3+ species was
also detected (see Figure S2) but was very small relative to the
V4+ EPR signal. An EPR signal for W5+ was not detected in
agreement with previous findings for VWTi SCR catalysts (see
Figure S2).45 Samples containing larger quantities of tungsten
oxide demonstrate an increase of another signal (evidenced by
sharp features at ∼3300 G, g-value ∼2.007). A sharp feature is
also present in the EPR spectra (see Figure S2), and its narrow
nature renders its abundance well beneath 5% of the total EPR
signal. This feature has been previously ascribed to superoxide
(O3

−, O2
−, or O−) species on partially reduced oxide centers.44

There have been attempts to identify the location of these
superoxide species on SCR catalytic systems by superhyperfine
or pulsed EPR (ESEEM or HYSCORE), but their relationships
with specific cations (V, W, and Ti) have still to be resolved.44

It does seem from the literature as though the higher levels of
superoxide signals are formed by the combination of WOx and
VOx with the TiO2 support (VWTi ≫ WTi ∼ Ti ≫ VTi, with
no EPR signal from VTi), suggesting that the superoxides are
associated with the titania sites. It must be kept in mind that
the EPR measurements were conducted at −148 °C, a
temperature far removed from SCR reaction conditions where
the populations of V4+ sites may dynamically respond to the
reaction environment. This would especially be true for surface
V4+ sites, but less so for V4+ sites dissolved in the bulk lattice of
TiO2 (rutile) that should respond more sluggishly. An EPR
signal for W(5+) sites was not detected in agreement with
previous findings for VWTi SCR catalysts.45 The ERP signal
for Ti(3+), however, was detected (see Figure S2) but was
very small relative to the V(4+) EPR signal.
Quantitative EPR analysis of the supported V2O5−WO3/

TiO2 catalysts calcined at 550 °C previously found that the V4+

sites are minimal and account for no more than 1% of the total
vanadium in the catalysts.7 In contrast, the supported VWTi

Figure 4. Solid-state 51V MAS NMR spectra of dehydrated supported
V2O5−xWO3/TiO2 catalysts that have been HTA at 650 °C.

Figure 5. Percent of surface VOx sites present as oligomers as a
function of thermal treatments. Values at 550 °C for the 1V1WTi and
1V8WTi catalysts are estimated by extrapolation from comparable
catalysts reported in ref 5.
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catalysts exposed to the harsher calcination and hydrothermal
treatments at 650 °C possess 7−16% V4+ of the total vanadium
(see Table S3). EPR spectroscopy is a bulk technique that is
not readily able to distinguish between surface and bulk V4+

sites in the catalysts with the surface contribution being minor
relative to the overall signal from the catalysts. It was earlier
reported that the surface V4+ sites readily oxidize to surface V5+

sites in oxidizing environments at elevated temperatures.46

Note that the catalysts were dehydrated in dry air at elevated
temperatures prior to EPR analysis at −148 °C. Thus, it is
most likely that the EPR V4+ signals are associated with the
formation of the well-known Ti2−xVxO2 (rutile) solid solution
phase.47,48 Formation of the Ti2−xVxO2 (rutile) solid solution
phase occurs because of the similar size of the V4+ and Ti4+

cations.28 The bulk TiO2 (rutile) phase is present in the initial
TiO2 (P-25) support, and the harsh treatments at 650 °C
facilitate migration of surface VOx sites into the TiO2 (rutile)
phase, which is accompanied by reduction of V5+ to V4+ to
accommodate the vanadia in the rutile lattice. Interestingly, the
hydrothermally treated catalysts contained somewhat less V4+

sites than their corresponding calcined catalysts. This suggests
that the hydrothermal treatment environment can better retain
surface V5+Ox sites on the titania support, which may possibly
be related to the presence of steam during the hydrothermal
treatment. The somewhat higher V4+ concentration for the 650
°C calcined 1V5WTi and 1V8WTi catalysts is probably a
consequence of the higher SSA BET surface area of these
catalysts that provide a greater interfacial area because of the
stabilization by the surface WOx sites that in turn allows for
greater migration of V4+ into the TiO2 (rutile) lattice.
Importantly, the EPR measurements indicate that the
formation of V4+ already occurs after the high-temperature
calcination treatment at 650 °C prior to the hydrothermal
treatment at 650 °C.
The V3+ sites are not detectable by either EPR or 51V NMR.

The presence of V3+ sites would have a more dramatic effect on
the observation of V5+ sites than V4+ sites by NMR and EPR,
respectively. Paramagnetic V4+ sites impact the detectability of
V5+ sites with NMR due to broadening,49 where up to 70% of
V5+ within 10 Å of a V3+ center was previously shown to be not
detected.50 This impact could be amplified by the presence of

direct V3+−O−V5+ and V4+−O−V5+ bonds present in surface
VOx oligomers. The concentration of V3+ sites, however,
should be exceedingly small since there is molecular O2 in the
reactant stream after dehydration and during SCR.51

The EPR Ti3+ background signal from both the calcined and
HTA V-free titania support is very small as shown in Figure S2.
The EPR Ti3+ signal does overlap with the EPR signal for V4+,
but the former gives a quite narrow peak, while the latter yields
relatively broad features. To further check for the possible
presence of Ti3+ sites, a power-saturation EPR spectrum of one
of the HTA vanadia catalyst samples was also collected. By
saturating the V4+ signal, features from Ti3+ should become
readily observable if present as a significant feature. This
procedure did not yield a Ti3+ EPR signal but did confirm the
presence of two V4+ signals. As such, the EPR peak areas
should represent the V4+ content in the catalysts.

3.6. In Situ IR Spectroscopy of Adsorbed Ammonia
Species. The nature of the adsorbed ammonia species on the
dehydrated supported V2O5−WO3/TiO2 catalysts was deter-
mined with temperature-programmed in situ IR (TP-IR)
spectroscopy. Surface NH3* species on Lewis acid sites vibrate
at 1206 (s), 1605 (m), and 3250 (w) cm−1 and surface NH4

+*
species on Brønsted acid sites vibrate at 1425 (s), 1656 (m),
2808 (vw), 3050 (vw), and 3400 (m) cm−1. The integrated IR
bands of the surface NH3* species (1206 cm−1) and surface
NH4

+* species (1425 cm−1) after ammonia adsorption at 110
°C are presented in Figure 7, and the original IR spectra are
shown in Figure S3. It was demonstrated in an earlier study
that the relative IR sensitivities for surface NH3*/NH4

+*
species is ∼1 for the present spectrometer.39

The TiO2 support possesses only surface NH3* species on
Lewis acid sites,39,52,53 and introduction of surface VOx and
WOx sites onto the TiO2 support always decreases the number
of surface NH3* on Lewis acid sites and increases the number
of surface NH4

+* on Brønsted acid sites (see intensity of IR
signals at 110 °C). The decrease in the number of Lewis acid
sites with increasing surface VOx/WOx coverage reflects the
anchoring of these surface metal oxides at the surface Lewis
acid sites of the TiO2 support.

54 Consequently, the number of
Lewis acid sites decreases with increasing surface VOx/WOx
coverage (1V1WTi > 1V5WTi > 1V8WTi at 110 °C). The

Figure 6. In situ EPR spectra of dehydrated supported V2O5−WO3/TiO2 catalysts calcined at 650 °C and HTA at 650 °C for 50 h. Catalysts
dehydrated in air at 400 °C in flowing dry air and all samples were held in the magnet at −148 °C during spectral acquisition.
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corresponding increase in the number of Brønsted acid sites
with increasing surface VOx/WOx coverage indicates that the
Brønsted acid sites are associated with the surface VOx/WOx
sites on the TiO2 support. As a result, the number of Brønsted

acid sites increases with increasing surface VOx/WOx coverage
(1V1WTi < 1V5WTi < 1V8WTi at 110 °C). The Brønsted
acid sites have been proposed to be located at bridging V−
(OH)+−Ti and W−(OH)+−Ti sites.9,39,52 The number of

Figure 7. Number of surface NH3* (1206 cm
−1) and NH4

+* (1425 cm−1) species on titania-supported V2O5−WO3 catalysts determined with in situ
IR TPSR of adsorbed ammonia in flowing NO/O2 for the catalysts calcined at 550 and 650 °C and HTA at 650 °C. The intensity of the IR bands
from the surface ammonia species is normalized with respect to the IR band of the TiO2 support at ∼940 cm−1.
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surface Lewis and Brønsted acid sites is also strongly
dependent on the thermal pretreatments, especially when the
severity of the pretreatment is increased (calcination at 550 °C
< calcination at 650 °C < hydrothermal aging at 650 °C).
Increasing the severity of the pretreatment generally decreases
the number of surface Lewis acid sites at 110 °C because the
number of exposed surface Lewis acid sites from the TiO2
support diminishes, which is a consequence of the decreasing
surface area of the titania support and increasing surface VOx
and WOx coverage. The number of surface NH3* species on
Lewis acid sites at 110 °C is dramatically diminished for the
most aggressive hydrothermal treatment at 650 °C, while the
number of surface NH4

+* species on Brønsted acid sites at 110
°C is almost insensitive to the severity of the pretreatment.
These trends indicate that the ratio of surface NH4

+*/NH3*
species, Brønsted/Lewis acid sites, increases with pretreatment
severity for unpromoted supported V2O5−WO3/TiO2 cata-
lysts.
The reactivity of surface NH3* species on Lewis acid sites

and surface NH4
+* species on Brønsted acid sites for the

calcined and HTA-supported V2O5−WO3/TiO2 catalysts in
the presence of flowing NO/O2 was probed with temperature-
programmed in situ IR (TP-IR) spectroscopy and the results
are presented in Figures 7 and S3. For the catalysts calcined at
550 °C, the surface NH3* species react or desorb at 300 °C for
higher tungsten oxide loading, while the surface NH4

+* species
react or desorb at 400 °C. For the catalysts calcined at 650 °C,
the surface NH3* species react or desorb by 425 °C, while the
surface NH4

+* species react or desorb at 300−400 °C. While
the reactivity or desorption of the surface NH3* species is
independent of tungsten oxide loading, the reactivity or
desorption of the surface NH4

+* decreases with tungsten oxide
loading. For the catalysts HTA at 650 °C, the number of
surface NH3* species sites has been dramatically reduced, and
the surface NH4

+* species react or desorb between 250 and
425 °C. The reactivity or desorption of the surface NH4

+*
decreases with tungsten oxide loading and generally increases
with severity of treatment. The reactivity or desorption trends
during temperature programming in flowing NO/O2 indicate
that surface NH4

+*species are slightly more stable on
supported VWTi catalysts than surface NH3* species.
3.7. Steady-State SCR Activity and TOF Values. The

steady-state SCR activity and TOF values of the supported 1%
V2O5−xWO3/TiO2 catalysts calcined at 550 °C, calcined at
650 °C, and hydrothermally treated at 650 °C are presented in
Figure 8. Both the steady-state activity and TOF values
[normalized by the total V sites in each catalyst as given in
Table S1, which neglects the small fraction of V dissolved in
the TiO2 (rutile) phase as Ti1−xVxO2] tracked each other as a
function catalyst composition and thermal treatments.
Increasing the tungsten oxide loading always increased the
catalyst performance for the same thermal treatment. While the
TOF for the supported 1% V2O5−1% WO3/TiO2 catalyst
slightly increased with calcination at 650 °C, the TOF values
for the supported 1% V2O5−5% WO3/TiO2 and 1% V2O5−8%
WO3/TiO2 catalysts decreased with calcination at 650 °C. The
SCR catalytic activity and TOF values for each catalyst did not
change significantly in going from calcination at 650 °C to
hydrothermal treatment at 650 °C.
3.8. Correlation Plots. The above characterization and

SCR activity data were organized as a radar plot that allows
comparing the relationships among multiple catalyst variables
with the distance from the center representing the intensity of

the specific property, as shown in Figure 9 for the set of nine
supported 1% V2O5−x% WO3/TiO2 catalysts. The red curve

represents the SCR catalytic activity plot. The radar plot shape
indicates that the strongest relationship exists between the
SCR catalytic activity and the number of surface Brønsted acid
sites (yellow curve). A relationship between the SCR catalytic
activity and number of Lewis acid sites (green curve) does not
exist, and, consequently, only a moderate relationship is
present between the SCR catalytic activity and the total
number of surface Lewis and Brønsted acid sites (purple
curve). The relationships between the SCR activity and the
BET surface area (grey curve) and fraction of oligomeric
surface vanadia sites (orange curve) are also not apparent. The
individual correlation plots between the SCR activity and each

Figure 8. Steady-state SCR activity and TOF values at 200 °C for 550
°C calcined, 650 °C calcined, and 650 °C HTA-supported 1% V2O5−
x% WO3/TiO2 catalysts. The TOF values were calculated by dividing
the activity rates by the total number of V sites in each catalyst as
given in Table S1.

Figure 9. Radar plot of catalytic activity and catalyst properties
number of Lewis acid sites (NH3*), number of Brønsted acid sites
(NH4

+*), total number of acid sites (Lewis and Brønsted), BET
surface area, BET surface area, and fraction of surface vanadia
oligomers.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.1c02130
ACS Catal. 2021, 11, 12096−12111

12105

https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c02130/suppl_file/cs1c02130_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c02130/suppl_file/cs1c02130_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02130?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02130?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02130?fig=fig8&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c02130/suppl_file/cs1c02130_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02130?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02130?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02130?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02130?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02130?fig=fig9&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c02130?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


catalyst parameter are shown in Figures S4 and S5 and include
correlation coefficients which confirm the conclusions arrived
at from the radar plot. Moreover, individual radar plots are also
shown in Figure S5, as a function of treatment (Figure S5a−c),
and as a function of W loading (Figure S5d−f).

4. DISCUSSION
4.1. Bulk Structures of Calcined and HTA-Supported

V2O5−WO3/TiO2 Catalysts. The only bulk structures present
in the calcined and HTA-supported 1% V2O5−x% WO3/TiO2
catalysts are the TiO2 (anatase) and TiO2 (rutile) phases of the
titania support (see Figure 1 and Table S2). The detection of a
TiO2 (rutile) shell layer on a TiO2 (anatase) core was
surprisingly detected for the most severely transformed
supported 1V1WTi catalyst and represents a new catalyst
deactivation mechanism that was not previously observed. This
core/shell structure may also be present in the HTA-supported
1V5WTi and 1V8WTi catalysts, but the much stronger TiO2
(anatase) Raman bands from these catalysts may overshadow
the much weaker TiO2 (rutile) Raman bands. The rutile phase
is also able to incorporate V4+ cations into its bulk lattice
[Ti1−xVxO2 (rutile)].

28 The presence of the V4+ cations in the
650 °C calcined and HTA catalysts is directly confirmed by the
in situ EPR spectroscopy measurements (see Figure 5). The
V4+ EPR measurements, however, detect the V4+ sites in the
catalysts and are dominated by the contribution of the V4+ sites
present in the bulk Ti1−xVxO2 (rutile) solid solution related to
the ∼20% TiO2 (rutile) phase present in the starting titania
support as well as the additional TiO2 (rutile) formed from the
treatments at 650 °C. The formation of the additional TiO2
(rutile) phase is retarded with increasing surface tungsten
oxide coverage (see Table S2). Incorporation of as much as 6−
16% of V as V4+O2 into the Ti1−xVxO2 (rutile) lattice was
found, with the amount of V4+O2 increasing with harsher
thermal treatments and tungsten oxide loading (see Table S3).
The amount of dissolved bulk V4+ cations appears to track the
BET surface area of the TiO2 support and not the fraction of
bulk TiO2 (rutile) phase, suggesting that higher BET surface
area allows for a greater opportunity of surface VOx to diffuse
into the bulk TiO2 (rutile) phase. The hydrothermal treatment,
unexpectedly, decreased the amount of dissolved V4+ cations.
This may reflect stabilization of the surface VOx sites by the
moist environment by maintaining the surface VOx as V5+

cations that cannot dissolve into the TiO2 (rutile) lattice.
Crystalline V2O5 and WO3 nanoparticles are absent from the
investigated catalysts (see Figure 2). Higher thermal treatment
temperatures (>680 °C) typically result in the formation of
crystalline V2O5 and WO3 nanoparticles as the decreases in
BET surface area (see Table S1) result in decreased available
anchoring sites for the surface VOx and WOx sites on the TiO2
support, which leads to the transformation of surface VOx and
WOx sites to crystalline V2O5 and WO3 nanoparticles.

15,16

4.2. Surface Structures of Calcined and HTA-
Supported V2O5−WO3/TiO2 Catalysts. The titania-sup-
ported vanadium oxide and tungsten oxide phases are primarily
present as surface sites anchored onto the TiO2 support as
revealed by Raman (see Figure 2) and HS-LEIS (see Figure 3).
The surface VOx and WOx sites are present as isolated and
oligomeric mono-oxo VOx and mono-oxo WOx sites with the
extent of oligomerization increasing with surface VOx and
WOx coverage on the TiO2 support for the catalysts calcined at
550 °C.5 The oligomerization of surface VOx sites with
increasing surface VOx coverage and in the presence of surface

WOx sites is a structural effect related to the crowding, or
formation of surface islands, of the surface VOx sites on the
TiO2 support that is induced by the decreased number of
anchoring sites available for the surface VOx sites in the
presence of surface WOx sites. The 1V1WTi catalyst undergoes
the most dramatic increase in the fraction of oligomeric surface
VOx sites with increasing harshness of the thermal treatment
(calcination at 550 °C < calcination at 650 °C < hydrothermal
aging at 650 °C), while the 1V5WTi catalyst undergoes a
modest increase in the fraction of oligomeric surface VOx sites
with increasing harshness of the thermal treatment. The
increase of the fraction of oligomeric surface VOx sites is
related to the higher surface coverage of the VOx and WOx
sites on the TiO2 support with increasingly harsher thermal
treatments brought about by the shrinking of the titania
support surface area (see Table 1 and Figures 4, 5, and S1). In
contrast, the fraction of oligomeric surface VOx sites for the
1V8WTi catalyst decreases with increasing harshness of the
thermal treatment. The origin of this different trend with
increasing harshness of the thermal treatment is currently not
understood. It may result from the higher BET surface area of
the 1V8WTi catalysts that allows for enhanced diffusion of
VOx into the TiO2 (rutile) bulk lattice and may also be taking
place for the 1V1WTi and 1V5WTi catalysts but is masked by
the more pronounced decreases in the surface area of these
catalysts with thermal treatments responsible for oligomeriza-
tion of the surface VOx sites. The concentration of the surface
VOx sites is only slightly decreased by the thermal treatments
at 650 °C (8−16%), as mentioned above, due to vanadia
incorporation into the TiO2 (rutile) lattice as V

4+O2 (see Table
S3) and should not have a significant effect on the fraction of
oligomeric surface VOx sites. The surface WOx sites should not
be affected by dissolution into the TiO2 (rutile) phase because
the titania bulk lattice, consisting of Ti4+ sites, is not able to
accommodate the larger charge of the W6+ cation. Some
surface WOx may have volatized under the more extreme
thermal treatment conditions, but the tungsten oxide content
of the catalysts were not analyzed. The surface VOx and WOx,
thus, are the predominant sites on the outermost surface layer
of the TiO2 support with only minor amounts of VOx lost by
dissolution and volatilization under the conditions examined in
the present study.

4.3. Influence of Calcination and Hydrothermal
Aging on Surface Acidity of Supported V2O5−WO3/
TiO2 Catalysts. Both surface NH3* species on Lewis acid sites
and surface NH4

+* species on Brønsted acid sites are typically
present on the supported V2O5−WO3/TiO2 SCR catalysts.
The presence of both of these surface intermediates on the
catalyst has resulted in a long-standing debate as to which
adsorbed ammonia species plays a key role in the SCR
reaction.16,27,55−57 Some studies have proposed that the
surface NH3* species implicate the Lewis acid sites as the
catalytic active sites for the SCR reaction while others have
proposed that the surface NH4

+* species implicate the
Brønsted acid sites as the catalytic active sites. A major
complication in these studies is that both surface NH3* and
surface NH4

+* species are simultaneously present and that
moisture also converts the former to the latter under SCR
reaction conditions above ∼225 °C.39 Surprisingly, the 650 °C
hydrothermally treated supported catalysts primarily possess
surface NH4

+* species on Brønsted acid sites (see Figures 7
and S2) allowing us to address this issue. The lower
concentration of surface NH3* species on Lewis acid sites,
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however, has only a minor effect on the SCR activity as shown
by comparison of catalysts calcined at 650 °C, containing both
types of surface ammonia species, and catalysts HTA at 650 °C
that contain primarily surface NH4

+* species (see Figures 7
and 8). The present finding suggests that surface NH4

+*
species on Brønsted acid sites, primarily associated with the
surface VOx sites,27 are able to efficiently perform the SCR
reaction for the catalysts in the current study.
In contrast to the present findings, Marberger et al.15,16,27

observed the presence of both surface NH3* and NH4
+* species

on their hydrothermally treated catalysts and that the
concentration of surface NH3* species preferentially diminished
when NO/O2 was introduced. It should be noted, however,
that there are several experimental differences between the
present studies and those reported by Marberger et al. The
TiO2 support employed by Marberger possessed ∼100 m2/g
and was present as 100% TiO2 (anatase). The hydrothermal
treatments employed in the Marberger et al. investigation
consisted of 10% H2O while in the present study a mixture of
8% H2O, 10% O2, 7% CO2, and 75% N2 was used for the
hydrothermal aging, but this would not be expected to
contribute a significant difference. More importantly, Mar-
berger et al. coated their catalysts on a monolith, which initially
contained surface sulfates that desorbed during the hydro-
thermal treatment and possible presence of other unreported
additives or impurities. The TiO2 (P-25) support used in the
present study is known to be extremely free of impurities and
has ∼55 m2/g with an initial ∼80/20 anatase/rutile mixture.
The major significant difference between the catalysts studied
by Marberger et al. and the present study may be the presence
of surface impurities in the Marberger et al. investigation.
Furthermore, surface NH3* species on the surface VOx sites
readily transform to surface NH4

+* species in the presence of
moisture above ∼225 °C.39 It is important that studies from
different labs compare the same V2O5−WO3/TiO2 catalyst
system to determine if the variable reports are related to the
different catalysts employed, synthesis methods, or the reaction

conditions. It is suggested that reference studies should always
be performed with the very clean TiO2 (P-25) since this is a
standard TiO2 support widely used in catalysis studies.

4.4. Influence of Calcination and Hydrothermal
Aging on Structure−Activity Relationships for SCR of
Supported V2O5−WO3/TiO2 Catalysts. The supported
VWTi catalysts calcined at 550 °C consist of surface VOx
and WOx sites on the TiO2 support and the SCR activity
depends on the extent of oligomerization of the surface VOx
sites since the SCR reaction requires two adjacent VOx sites.

5

The oligomerization of surface VOx sites increases with surface
VOx coverage as well as surface WOx coverage. For the
supported 1V1−8WTi catalysts calcined at 550 °C that have
similar vanadia loading, thus, the TOF strongly increases with
surface tungsten oxide coverage (see Figure 8). Calcination at
650 °C and hydrothermal treatments at 650 °C resulted in
several simultaneous structural changes: (1) decrease in BET
surface area- (see Table 1), (2) increase in surface density of
VOx and WOx sites, (3) increase in fraction of oligomeric
surface VOx sites for 1V1WTi and 1V5WTi, but not for
1V8WTi (see Figure 5), (4) change in the distribution of
surface NH3* and NH4

+* species (see Figure 7), (5)
transformation of a portion of TiO2 (anatase) into TiO2
(rutile) (see Table S2), and (6) dissolution of minor amounts
of vanadia (V4+) into the TiO2 (rutile) bulk lattice (see Table
S3).28 To try to better understand the impact of these
structural changes on SCR activity, correlation plots between
these structural changes and the SCR TOF values are
presented in Figures 10a−f and S3a−f. Recall that both SCR
activity and TOF values followed tracked each other where
TOF was determined by normalizing against the total vanadia
in the catalysts. Although the fraction of oligomeric surface
VOx sites is a good predictor of SCR activity for catalysts
calcined at 550 °C, several additional structural changes take
place with calcination and hydrothermal treatments at 650 °C
that make for a more complex situation. For example, the
TOF/activity values for the supported 1V5WTi catalyst

Figure 10. Correlation plots between steady-state SCR TOF values at 200 °C and structural properties of the series of supported VWTi catalysts:
(a) surface VOx oligomer sites (%), (b) BET (m2/g), (c) total number of adsorbed ammonia species, (d) number of surface NH3* species, (e)
number of surface NH4

+* species, and (f) V4+ sites (%).
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decrease with the severity of thermal treatment, but the
fraction of oligomeric surface VOx sites modestly increases,
indicating that other factors must also contribute to the overall
outcome, which may be overshadowing the relationship
between fraction of oligomeric surface VOx sites and TOF as
shown in Figures 10a and S3a. There is no correlation between
TOF/activity values and BET surface areas since as the surface
area decreases from 1V1WTi (calcined 550 °C) to1V1WTi
(calcined at 650 °C) as shown in Figures 10b and S3b. The
TOF value increases mainly due to the significant increase in
the concentration of oligomeric surface VOx sites (see Figures
10a and S3a). There is a correlation between TOF/activity
values and the total amount of surface NH3* and NH4

+*
species as shown in Figures 10c and S3c. This may not be
surprising since the surface NH3* and NH4

+* species are the
surface reaction intermediates on the catalytic active sites. The
variation in TOF/activity values does not correlate with the
amount of surface NH3* species since the TOF value
continuously decreases for the supported 1V5WTi catalyst,
while the surface concentration of NH3* initially increases and
then decreases as shown in Figures 10d and S3d. The amount
of surface NH4

+* species does, however, vary in tandem with
the TOF/activity values (see Figures 10e and S3e). The
combined amounts of surface NH3* and NH4

+* species also
vary in tandem with the SCR TOF values as shown in Figures
10c and S3c because there are many more surface NH4

+*
species than surface NH3

+* species in these catalysts (see
Figure 10d,e). Removal of a small amount of surface VOx sites
by formation of dissolved V4+ cations also does not correlate
with the TOF/activity values as shown in Figures 10f and S3f
since as the fraction of bulk V4+ for the 1V5WTI catalyst
decreases, the TOF/activity values decrease.
Although the simultaneous contributions from multiple

catalyst variables during the hydrothermal treatments make it
difficult to completely understand the catalyst structure−
activity relationships, there are some trends present in the
correlation plots of Figures 9, 10, and S3. The SCR TOF/
activity correlates with the total number of surface ammonia on
acid sites that is dominated by the surface NH4

+* species on
Brønsted acid sites. The reason for this is that the surface
ammonia species are chemically probing the surface acid sites
involved in the SCR reaction. The SCR TOF/activity does not
correlate with the BET specific surface area, fraction of TiO2
(rutile) phase, and dissolved V4+ in the rutile lattice. The BET-
specific surface area is a textural parameter that does not
provide information about the nature of the catalytic active
sites and, therefore, cannot correlate with the SCR TOF/
activity. The fraction of TiO2 (rutile) does not correlate with
the SCR TOF/activity since this is a bulk parameter and does
not reflect the situation at the catalyst surface. Even though the
TiO2 (rutile) phase is able to dissolve some V4+ sites, the
removal of the minor amount of surface VOx at 650 °C does
not have a significant impact on the overall SCR TOF/activity.
An interesting finding is that the SCR performance of the

supported VWTi catalysts is only minimally degraded when
going from calcination at 650 °C, representative of a freshly
activated catalyst, to extended hydrothermal aging at 650 °C,
representative of a working used catalyst. This is because most
of the catalyst surface structural and surface chemical changes
already occur upon calcination at 650 °C. Calcination or
hydrothermal aging at higher temperatures (>650 °C),
however, intensifies the catalyst surface structural and surface
chemical changes that will significantly degrade the SCR

performance (e.g., loss of the surface VOx catalytic active sites
by volatilization and further dissolution into the TiO2 (rutile)
bulk lattice and volatilization of the surface WOx pro-
moter).15,16,27

5. CONCLUSIONS
The hydrothermal “degreening” treatment at 650 °C of
supported V2O5−WO3/TiO2 catalysts is applied in the
industry to accelerate activation and aging of fresh catalysts
for testing of SCR performance. Such harsh treatments
significantly affect the physical and chemical properties of
supported V2O5−WO3/TiO2 SCR catalysts. The hydrothermal
treatments decrease the surface area of the TiO2 support and
transform a fraction of the titania support phase from TiO2
(anatase) to TiO2 (rutile). The TiO2 (rutile) phase can also
incorporate a small amount of V4+, ∼8−16% of total vanadia,
into its bulk lattice as a Ti1−xVxO2 solid solution that depletes
the number of surface VOx catalytic active sites. The surface
WOx sites behave as a textural promoter that retards the
negative effects from hydrothermal treatment with its presence
countering the negative effects and its impact increasing with
tungsten oxide loading up to monolayer coverage. Additionally,
the presence of the surface WOx sites also tends to enhance the
concentration of the more active oligomerized surface VOx
sites. The ratio of surface NH3*/NH4

+* species on Lewis and
on Brønsted acid sites, respectively, decreases with the
harshness of the thermal treatment, and the 650 °C HTA
catalysts contain very low concentrations of surface NH3*
species. This finding suggests that surface NH4

+*, primarily
associated with the surface VOx sites, are able to efficiently
perform the SCR reaction. SCR structure−activity relation-
ships were difficult to establish since multiple structural and
surface chemical properties of the catalysts were simulta-
neously changing during the harsh thermal treatments, which
made it difficult to correlate the SCR activity with any single
catalyst parameter. A correlation, however, was found between
the SCR TOF/activity and the sum of the surface NH3* and
NH4

+* species, which is dominated by the surface NH4
+*

species. Although both surface NH3* species on Lewis acid sites
and surface NH4

+* species on Brønsted acid sites participate in
the SCR reaction, the surface NH4

+* species on Brønsted acid
sites are the key reaction intermediates during the SCR
reaction by the unpromoted V2O5−WO3/TiO2 catalysts
employed in the current study. The present study also shows
that SCR catalysts must be activated at high calcination
temperature (650 °C) and hydrothermal treatment (650 °C)
to accurately represent the state of the catalyst surface present
under industrial reaction conditions that represent freshly
activated catalysts and working used catalysts, respectively.
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