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Abstract

A series of TiO»-supported MOy catalysts (M=V, W, Ce, Cu and S) were investigated
for their SCR activity. In situ Raman spectroscopy indicated that the supported
MOx phases were completely dispersed as surface sites on the TiO2 support. In situ IR
revealed that surface VOx, WOy and SOx sites anchored at both CeOx/CuOx and
TiO; sites. The number of surface Lewis acid sites decreased with the addition of
basic (CeOx/CuOx) and acidic (VOx/WOx) sites in all catalysts, and acidic SOx in the
unpromoted and Ce-promoted catalysts. The surface VOx, WOxand SOy sites
introduced surface Brgnsted acid sites. The redox promoters increased the NO
conversion, but SOy impregnation inhibited their effect due to acid (SOx)-base
(CeOx/CuOx) interactions. The SCR reaction was shown to efficiently proceed via
either surface NH3* or NH4** species, resolving the long-standing dispute on the
involvement of these species in the SCR reaction.
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1. Introduction

Selective catalytic reduction (SCR) is widely used to mitigate NO, emissions[1,2] by
utilizing reducing gasses coupled with heterogeneous catalysts[3,4]. Supported
V205-WOs/TiOz is the most prolific SCR catalyst owing partially to its lower cost
compared to zeolite-based catalysts[5,6]. Its vanadia component acts as the active
redox site while the tungsta promotes the VOx redox activity and generates surface
Brgnsted acid sites[7,8]. The operational temperature range of supported
V205-WO3/TiO; is ~300-400 ‘C[9,10], with VO sites generating the greenhouse gas
N>O from NH3 over-oxidation at high temperatures[10], though to a lower extent
when H;O is present in the treated gas mixture[11]. Recently, the catalyst has
garnered attention for its pollutant abatement applicability in compression-ignition
engine vehicles[12—-17]. However, emissions under cold start conditions remain high
due to the catalyst’s limited activity at low temperatures[18—21]. Thus, the supported
V205-WOs/TiO2 SCR catalyst is incapable of meeting current need for high activity at
low temperatures.

Previous studies have demonstrated that the SCR performance of supported
V205-WOs/TiO> at low temperatures can be enhanced by the addition of redox
promoters[22-24]. Among them, cerium and copper oxides have received attention
because of their ability to easily cycle between Ce**/Ce** and Cu?*/Cu* oxidation
states[25,26]. These capabilities improve the catalysts’ redox performance and,
thereby, enhance catalytic oxidation activity[27,28]. Several CeOx promoted catalysts
have been shown to be SCR active (e.g., CeWOx[23,29], VCeOx[30,31] and
MnCeOx[32,33]). Vuong et al. investigated a mixed CeO»>-TiO> support system
synthesized by co-precipitation and demonstrated improved redox performance due to
highly dispersed VOx sites anchored at both CeO; (V-O-Ce) and Ti (V-O-Ti) sites[14].
Michalow-Mauke et al. proposed that the presence of CeOz in flame pyrolyzed
WCeTiOx generated bridging Ce-O-W and Ce-O-Ti bonds that were critical for SCR
performance[25]. Ma et al. reported that a Ce-modified V20s5-WO3/TiO> catalyst,
where the W-Ti-Ce mixed oxide support was synthesized by a citric acid-aided sol-gel

method and VOximpregnated with an aqueous NH4VOs3 solution, was active for SCR



at low temperatures[34]. Studies on supported CuO/Al,O3 showed that CuO possesses
good redox properties[35,36]. A CuO promoted supported V205-WO3/TiO; catalyst
demonstrated enhanced redox properties in Hg’ oxidation and SCR[37,38]. Despite
such reports on the enhancing effects of CeOx and CuOx on SCR catalysts, few
fundamental studies have been published of these redox promoted V,05-WO3/TiO>
SCR catalysts.

In industrial applications, SO; is also present in flue gas emissions and results in the
formation of surface sulfates, ammonium sulfates and metallic sulfates that affect
SCR activity. Ammonium sulfates, generated by oxidation of SO, into SO3 and the
subsequent reaction of SOz with NH3 and water[39], promote the formation of haze
and acid rain[40]. Although the surface sulfates can improve SCR performance by
contributing to surface acidity[33,34,41,42], the deposition of ammonium sulfates on
the catalysts and downstream in the process can lead to detrimental effects[39,43].

In this study, the CeOx and CuOx redox promoted and sulfate-free and sulfated
supported V205-WO3/TiO, catalysts were synthesized by the incipient-wetness
impregnation method. The interactions of CeOx, CuOx and SOx with the TiO, support
and dispersed VOx and WOy, and their molecular structures were investigated with in
situ Raman and Infrared (IR) spectroscopies, while the surface acidity of the catalysts
was chemically probed with adsorbed ammonia that was monitored with in sifu IR.
The effects of the surface CeOx and CuOx redox promoters and sulfates upon the SCR
performance and selectivity of the supported V20s5-WOs3/TiO> catalysts were
examined with temperature-programmed surface reaction (TPSR) spectroscopy. These
results enabled the establishment of structure-activity relationships for the redox

promoted, sulfate-free and sulfated, supported V20Os-WO3/TiO2 catalysts.

2. Experimental

2.1 Catalyst preparation

The incipient-wetness impregnation method was utilized to synthesize the
TiO2-supported catalysts. Both isolated and oligomeric surface oxide sites can be

present under monolayer coverage, while crystalline nanoparticles (NPs) develop



when exceeding monolayer coverage[44,45]. Previous studies showed that the
dispersion capacities of CeO, and CuO are both ~7 cations/nm®> on TiO;
supports[46,47]. Initially, 80% monolayer coverages of CeO> (7.9 wt.%, precursor:
Ce(NO3)3-6H2O, 99.99%, Alfa Aesar) and CuO (3.8 wt.%, precursor:
Cu(NO3)2:2.5H20, 99.99%, Alfa Aesar) were separately impregnated on TiO:
(Evonik P-25; ~55 m?%g; ~80% anatase and ~20% rutile). An example of the
monolayer calculation for CeO> is shown in Equation S1[48]. The precursors were
added to the TiO: in a drop-wise manner under constant stirring. After 45 min of
mixing, the samples were dried overnight at room temperature and then dehydrated

under synthetic air (Airgas, 100 cc min™') at 120 °C for 2 hr and finally calcined at
450 °C (heating at a rate of 1 °C min") for 4 hr. Subsequently, VOx (1 wt.%,

precursor: NH4VO3, 99.0%, Alfa Aesar) was impregnated onto the redox promoted
TiO,, which was dried and calcined at the same conditions mentioned above. This was
followed by the impregnation of WOy (5 wt.%, precursor: (NH4)sH2W12040- XH>O,
99.9%, Strem Chemicals), dehydration and calcination. Lastly, SOx (1.5 wt.%,
precursor: (NH4)2SO4, 99.0 %, Sigma-Aldrich) was impregnated onto the catalysts

which were similarly dried and calcined.

2.2 Catalyst characterization

2.2.1 BET specific surface area measurement

The surface areas of the catalysts were measured by N> adsorption-desorption (BET)
using 100 mg samples with an ASAP 2020 HD88 (Micromeritics, USA). Prior to the
measurement, the catalysts were dehydrated at 300 °C for 5 hr to remove moisture

and any adsorbed impurities from their surface.

2.2.2 In situ Raman spectroscopy
The molecular structures of the supported MOy sites were analyzed with in situ
Raman spectroscopy. The Raman measurements were performed with visible

wavelength (532nm) laser excitation on a single stage Horiba-Jobin Yvon Lab



Ram-HR Raman spectrometer with a confocal microscope (Olympus BX-30) and a
notch filter (Kaiser Super Notch). The beam was generated by a Nd-YAG double
diode pumped laser (Coherent Compass 315M-150, output power of 150 mW with
power at the sample of 10 mW). The scattered photons were directed into a single
monochromator and focused unto a UV-sensitive liquid N> cooled charge coupled
device detector (Horiba-Jobin Yvon CCD-3000V) with a spectral resolution of ~1
cm™! at the applied parameters. Powder catalysts were loaded into a reaction cell
(Harrick Scientific HVC-DRP4) and connected to a gas flow control system. A
Harrick ATC Temperature Controller unit controlled the catalyst temperature. Catalyst
dehydration was performed by flowing 10% O./Ar (Airgas, 30 cc min™) at 400 °C for
1 hr prior to acquiring the in sifu Raman spectra measurements at 400 °C. The data

used to plot the relevant Raman figures presented herein is provided in the SI.

2.2.3 In situ Infrared spectroscopy

In situ IR spectra were collected with 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. Powder catalysts
were loaded into a Harrick Scientific reaction cell (HVC-DRP4) which was connected
to a gas flow control system. The reaction cell temperature was controlled with a
Harrick ATC Temperature Controller unit. In each experiment, the catalyst was heated
to 400 °C (heating at a rate of 10 °C min™") and held for 1 hr in 10% OJ/Ar (30 cc
min!), after which the in situ IR spectra were collected for the dehydrated catalyst.
Ammonia temperature programmed desorption (TPD) was used to measure the
catalysts’ acidity and number of acid sites. To achieve this, each catalyst was cooled
from 400 °C to 110/200/250 °C, held at that temperature under 2000 ppm NH3/He
(PRAXAIR, 35 cc min!) and left to soak for 30 min, followed by flowing He
(PRAXAIR, 30 cc min') for another 30 min. Finally, the catalyst was heated to
500 °C (heating at a rate of 10 °C min™') under He (30 cc min!). The IR spectra were

collected at 1 min intervals. All the reported in situ IR spectra intensities were



normalized with respect to the TiO, support’s IR band at ~920 cm™ as an internal
standard. The IR peaks at ~1230 cm™! and ~1450 cm™ were integrated to quantify the
surface NH3" and NH4*" species on Lewis and Brgnsted acid sites, respectively[5,9].

The data used to plot the relevant IR figures presented herein is provided in the SI.

2.2.4 Temperature-programmed surface reaction (TPSR) spectroscopy

An Altamira AMI-200 system equipped with a Dycor Dymaxion DME200MS online
quadrupole mass spectrometer (MS) was used to measure the SCR activity. A
fixed-bed reactor consisting of a U-type quartz tube loaded with 30 mg of catalyst
fixed in place by quartz wool. The catalysts were initially heated to 400 °C (heating at
a rate of 10 °C min™") under 5% O»/He (50 cc min'), holding for 1 hr at 400 °C, and
then cooled to 100 °C. After cooling, a 2000 ppm NH3/He (35 cc min™'), 2000 ppm
NO/He (35 cc min™) and 5% Ox/He (5 cc min™") mixture was introduced into the
reactor and the system was heated to 500 °C (10 °C min™! heating rate). A lower than
standard O concentration was used herein to mitigate damage to the mass
spectrometer, possibly highlighting the effect of the redox promoters and resulting in
a modest shift of the NO conversion curve to higher temperatures (Figure S1) than
previously demonstrated for the V20s-WO3/TiO: catalyst system[49]. In the NO-free
TPSR experiments, a mixture of 2000 ppm NH3/He (35 cc min™'), He (35 cc min™')
and 5% O»/He (5 cc min!) was used instead. The outlet gas compositions were
analyzed by the online MS to follow the catalytic activity as a function of temperature.
The following mass to charge (m/z) ratios were used for species identification: NO
(m/z = 30), N2O (m/z = 44), NH3 (m/z = 17), N2 (m/z = 28), H>O (m/z = 18), and NO»
(m/z = 46). No NO; was formed in any of the TPSR experiments described in this
work. The data used to plot the relevant TPSR figures presented herein is provided in

the SL

3. Results and Discussion
3.1 Anchoring surface sites of supported CeOx/TiO2 and CuOx/TiO: catalysts

It is well established that surface metal oxides anchor at surface hydroxyls of oxide



supports[50-52]. The in situ IR difference spectra of the dehydrated TiO> and redox
promoted TiO: before and after VOx impregnation in the surface hydroxyl region
(3450-3850 cm™') are presented in Figure 1. The original spectra from which the
difference spectra were calculated are provided in Figure S2. The TiO: support
possesses basic terminal Ti-(OH) (3710 cm™) and more acidic bridging Ti-(OH)-Ti
(3674, 3661 and 3630 cm™) surface hydroxyls[5,53]. Impregnation of 1%V20s onto
the TiO> support titrates nearly all of the Ti-(OH), some of the Ti-(OH)-Ti (3674 cm™),
and generates new surface hydroxyls assigned to Ti-(OH)-V (3640 cm™) as shown in
Figure 1[54-56]. The CeOx promoter anchors at the more acidic Ti-(OH)-Ti surface
hydroxyls (3661 and 3630 cm™') and generates more basic Ce-(OH) (3710 cm™)
surface hydroxyls (Fig. 1a)[57-59]. Generation of Ce-(OH)-Ce and Ce-(OH)-Ti (3674,
3660 and 3630 cm™) surface hydroxyls due to anchoring of CeOx at Ti-hydroxyls is
likely, but cannot be ascertained due to overlap in the Ti- and Ce-hydroxyl vibrations.
Further impregnation of 1%V»Os titrates all the Ti-(OH) and Ce-(OH) and some of
the M-(OH)-M (M=Ce or Ti) surface hydroxyls. The supported CuOx promoter
anchors at both Ti-(OH)-Ti (3661 cm™) and Ti-(OH) surface hydroxyls (3710 cm™)
and appears to generate Cu-(OH)-Cu (3565 cm™) surface hydroxyls (Fig. 1b)[60-62].
Impregnating 1%V20s onto the CuO/TiO, support titrates most of the Cu-(OH)-Cu
(3565 cm™) and some of the Ti-(OH)-Ti (3674 and 3630 cm™') surface hydroxyls as
shown in Figure 1. This behavior indicates that the impregnated VOx surface sites
anchor preferentially on the redox surface hydroxyls, forming unique M-O-V ligands

in the process.
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Figure 1. In situ IR difference spectra of the hydroxyl region from dehydrated TiO, supported
VOix-free and VOx impregnated (a) CeOx promoted and (b) CuOx promoted catalysts (spectra
collected at 400 °C under 10% O»/Ar flow).

Impregnation of 5% WO; onto the supported V20s/TiO; catalyst titrates additional
Ti-(OH)-V and Ti-(OH)-Ti (3661 cm™) surface hydroxyls as shown in Figure 2a. The
original spectra from which the difference spectra were calculated are shown in
Figure S3. For the supported WO3/V205/CeO»/TiO; catalyst, essentially all the surface
hydroxyls are consumed. For the supported WO3/V,0s/CuO/TiO; catalyst, the
Ti-(OH)-Ti (3674/3661 cm™) and Cu-(OH)-Cu (3565 cm) surface hydroxyls are
consumed leaving only a minor amount of more acidic (< 3645 cm’!) surface
hydroxyls. Although a considerable amount of residual surface hydroxyls remained
for the unpromoted catalyst (Fig. S3), only low levels of surface hydroxyls were
present for the CuOx promoted catalyst (Fig. S3b) and virtually no surface hydroxyls

were present for the CeOx promoted catalyst (Fig. S3a), possibly due to their more



basic character compared to TiO>[63,64]. This relative lack of surface hydroxyl
signals in the CeOx promoted catalyst’s spectrum compared to the unpromoted
catalyst reflects the Ce-induced improved dispersion of the surface VOx and WOy
sites within the monolayer. Overall, these results demonstrate that redox promotion of
supported WO3/V20s5/TiO» catalysts leads to higher consumption of Ti, Ce and Cu
surface hydroxyls, with both VOx and WOx sites preferentially titrating the more basic
surface hydroxyls on all supports. While only a minor portion of the VOx and WOx
sites anchored to the redox surface hydroxyls in the Cu promoted catalyst, the redox
surface hydroxyls in the Ce promoted catalyst made up the bulk of the VOx and WOx
anchoring sites. The relatively similar BET surface area of the promoted and
unpromoted catalysts suggests that the redox promotion does not significantly alter
the surface morphology (Table S1).

The in situ IR spectra of the surface hydroxyl region for the dehydrated SO
impregnated catalysts are presented in Figure 2b. The original spectra from which the
difference spectra were calculated are shown in Figure S4. Impregnation of the
supported WO3/V20s/TiO catalyst with 1.5% SOx consumes most of the remaining
Ti surface hydroxyls. Anchoring of SO4 on bare TiO> support is known to
preferentially consume the basic terminal surface hydroxyls due to acid-base
interactions[65]. Sulfation of the CeOx promoted supported WOs3/V205/CeO2/TiO>
catalyst exposes Ce-(OH)-Ce and possibly Ces-(OH) surface hydroxyls (3630 and
3600 cm™ respectively)[66,67]. New vibrations at 3570 cm™ and 3484 cm’! were
detected after SOx impregnation onto the CuOx promoted supported
WO3/V>205/CuO/TiO> catalyst, possibly corresponding to exposed Cu-(OH)-Cu
surface hydroxyls (3565 cm™). The sulfated unpromoted and CeOx promoted catalysts
exhibited similar surface hydroxyl distributions (Fig. S4a), while the sulfated CuOx
promoted catalyst had significant surface concentrations of highly acidic Cu surface
hydroxyls exposed by sulfation (Fig. S4a). This suggests that the vanadia and tungsta
species previously bound to the redox promoters were displaced by the more acidic
SOx species, thereby exposing previously covered hydroxyls. This behavior is further

evidenced by the more significant changes in BET surface area due to sulfation in the



redox promoted catalysts compared to their unpromoted counterparts (Table S1).
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Figure 2. In situ IR spectra of the hydroxyl region of the dehydrated supported redox promoted (a)
WO,-impregnated and (b) sulfated catalysts (spectra collected at 400 °C in flowing 10% O»/Ar).

3.2 Molecular structure of surface MOx sites on TiO2

Although the TiO2 support contains ~80% anatase and ~20% rutile, the Raman spectra
presented in Figure 3a are dominated by anatase vibrations (~384, 512, 623 cm’!
[68,69] and its weak second-order feature at ~799 cm ![70]) because of anatase’s
more efficient light scattering. The in situ Raman spectra of the unpromoted supported
WO03/V,05/TiO> catalysts are shown in Figure 3b and exhibit Raman bands from
surface VOx (~1030 cm™) and surface WOx (~1012 cm!) sites on the TiO> support.
The absence of Raman bands from crystalline V20s (997 cm™) and WOs (805 cm™)

nanoparticles indicates that both of these oxides are fully dispersed on the TiO:



support[45]. Similarly, the absence of the strong CeO» nanoparticle vibrations (464
cm™!) as shown in Figure 3a indicates that ceria is also well dispersed on the TiO;
support [27,71]. Furthermore, there is no indication of CuxVy0O, (890 cm')[72,73],
CuWOs (910 cm™)[74], CeVOs (860 cm™)[75,76] or Cex(WOs4)3 (930 cm™)[77]
nanoparticles being formed in the promoted catalyst. The state of the supported CuOx
phase is not clear from the Raman spectra because of the weak scattering from
crystalline CuO/Cu20 nanoparticles (296 cm™ and 665 cm’™, respectively)[78,79]

against the strong TiO> background.
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Figure 3. In situ Raman spectra of dehydrated redox promoted supported WO3/V20s/TiO>
catalysts at 400 °C in flowing 10% O/Ar for the spectral regions of (a) 200-1200 cm™!' and (b)
700-1200 cm’!.

The molecular structures of the dehydrated supported VOx WOy, and SOx phases on



TiO, were further investigated with in situ IR spectroscopy, and the IR spectra of the
catalysts in the overtone region are presented in Figure 4. The supported V20s/TiO>
catalyst exhibits the IR V=0 vibration at 2039 cm™! (Fig. 4a), with the presence of
CeOx and CuOx surface sites red shifting the IR V=0 vibration to 2036 cm™! (Fig. 4b)
and 2021 cm™ (Fig. 4c), respectively, reflecting decreased oligomerization of the
surface VOx sites. Such Ce induced lower VOx oligomerization has also been
demonstrated previously in a sol-gel synthesized 8% Ce02-92%TiO;-supported V205
impregnated catalyst[34]. Impregnation of 5%WOs introduces IR W=O vibrations at
~2000-2005 cm™! and induces a blue shift of the IR V=0 band in all three catalysts,
reflecting increased oligomerization of the surface VOx sites. This behavior has been
shown to be the source of the WOs3 promotional effect in the V,0s/TiO, SCR
system[8]. The introduction of surface sulfate sites weakened the interactions of the
surface VOx and WOy sites with the Cu promoter and resulted in the V=0 band to
blue shift to 2046 cm, reflecting further oligomerization of the surface VOx sites.
The sulfation of the catalysts shifted the V=0 and W=0 bands on all catalysts to
approximately the same positions, suggesting that the more acidic sulfur displaces
surface VOx and WOx sites from the Cu promoter. Although the anatase phase signals
(384, 512, 623, 796 cm™!) obscure the weak V-O-V (750-830 cm™) and W-O-W (~780
cm’') Raman bands [80,81], the shifts in V=0 (~2040 cm™') and W=0 (~2000 cm™")
IR overtone bands as discussed above confirm the existence of oligomeric surface
structures for the VOx surface sites. Although the origins of these trends are not
presently fully understood, these findings demonstrate that the nature of the surface

VO sites is strongly affected by the presence of surface oxide promoters.
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Figure 4. In situ IR spectra of the overtone region for the dehydrated (a) unpromoted catalysts, (b)
CeOx promoted catalysts and (c) CuOx promoted catalysts (spectra collected at 400 °C in flowing
10% Oy/Ar).

Impregnation of sulfates into the redox promoted and unpromoted supported WO3/
V205/TiO> catalysts introduces new vibrations in the ~1300-1380 cm region
characteristic of surface sulfate vibrations[82—-84] as presented in Figure 5, which
confirms that surface sulfates are present in the sulfated catalysts. The vibrations at
1360-1372 cm’! arise from mono-oxo S=O coordinated surface SO4 sites[82]. The
S=0 vibrations slightly red shift in the presence of the promoters indicating possible

distortion by the redox promoters, with a greater shift observed for the CuOx promoter



than the CeOx promoter. The IR band at ~1300 cm™! suggests the presence of a second
less distorted surface sulfate species for the SOx/'WO3/V20s5/TiO> catalyst (see Figure
5) since S-O-M bands vibrate at <1200 cm™'[83,85].
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Figure 5. In situ IR spectra of the dehydrated sulfated catalysts.

3.3 Surface acidity of supported MOx/TiO2 catalysts

3.3.1 Effect of promoters and surface sulfates

The distribution of the Lewis and Brensted acid sites on the supported MOx/TiO2
catalysts was strongly dependent on the specific elements present on the TiO2 support.
The amounts of surface NH3* and NH4 * species on Lewis and Brensted acid sites,
respectively, on the supported MOy catalysts were quantified by ammonia adsorption
coupled with in situ IR spectroscopy (Figure S5). The integrated IR bands of surface
NHs* and NH4™* species are presented in Figure 6. The TiO, support possesses only
surface Lewis acid sites, and impregnation of the redox CeOx and CuOx onto the TiO»
support decreases the number of surface Lewis acid sites without generating any
Brensted acid sites (Fig. 6a). The lack of any Bronsted acid sites is consistent with the
relatively basic character of the surface CeOx and CuOx sites[14,64,86]. The decrease
in the amount of surface Lewis acid sites reflects the somewhat basic character of the
redox promoters relative to the TiO2 support[64,86] and further indicates that the
redox promoters are well dispersed as surface sites that cover the Lewis acid sites of

the TiOz support. The presence of surface VOx and WOy on the TiO> support forms



Brgnsted acid sites and also decreases the number of Lewis acid sites because these
surface oxides anchor at the Lewis acid sites of the TiO: support. Introduction of
surface VOx (Fig. 6b) and WOx (Fig. 6c¢) sites to the CeOx/TiO, support reduces and
increases the amount of surface Lewis acid sites, respectively, while introducing
surface Brgnsted acid sites in both cases. The addition of VOx and WOx (Fig. 6¢) to
the CuOx/TiO> support, however, does not generate surface Brgnsted acid sites and
modestly affects the amount of surface Lewis acid sites. This demonstrates the
basicity of the surface CuOx sites that neutralize the Brgnsted acidity of the surface
VOx and WOy sites[87]. This, again, can only occur if the supported CuOx phase is
well-dispersed on the TiO> support.

Addition of surface sulfates further affects the surface acidity of the supported MOy
catalysts. Addition of surface sulfate to the unpromoted supported WO3/V20s/TiO>
catalyst increases the amount of surface Brgnsted acid sites and slightly decreases the
number of surface Lewis acid sites (Figs. 6¢ and 6d). When surface sulfate is added to
the CeOx promoted supported WO3/V20s/TiO catalyst, it eliminates the surface
Lewis acid sites and significantly increases the amount of surface Brgnsted acid sites.
This behavior has been previously observed when SOs4 was added in the sol-gel
synthesis of 2%V20s5-10%Ce0O»-TiO> catalysts[41]. Impregnation of surface sulfate
onto the CuOx promoted supported WO3/V20s5/TiO> catalyst increases the amount of
surface Lewis acid sites and generates surface Brgnsted acid sites, but the amount of
surface Brgnsted acid sites is much smaller than that of the corresponding CeOx
promoted catalyst, again reflecting the more strongly basic character of the CuOx

surface sites.
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3.3.2 Influence of temperature on surface acid sites of supported MOx catalysts

The desorption temperatures of adsorbed NH4™* (Bronsted) and NH3™ (Lewis) species
on the catalysts are tabulated in Table 1 and reflect the strength of the acid sites (acid
strength increases with higher ammonia desorption temperature). The desorption
temperature was determined by the disappearance of the surface NH4™* and NH3*
signals from the IR spectra. More generally, with the exception of only the sulfated
WO3/V205/CuO/TiO> catalyst, the surface NHz* species desorb at higher
temperatures than from surface NHs™* species indicating that the surface Lewis acid
sites are typically more strongly acidic than the surface Bronsted acid sites. This is
further reflected by the decrease in the Bronsted/Lewis acid site number ratio with
temperature given in Table S2 and Figure S6 for the unpromoted and CeOx promoted
catalysts (zero for the CuOx promoted catalyst due to lack of Brensted acid sites).
This behavior reflects the generally easier desorption of surface NH4™* species from
Breonsted acid sites than surface NHz* species from Lewis acid sites. Surface
ammonia desorbs at approximately the same temperature from the Brensted acid sites
for sulfate-free CeOx promoted and unpromoted WO3/V,0s/TiO> catalysts. The

addition of surface sulfate slightly increases the ammonia desorption temperature



from Brgnsted acid sites for both the CeOx promoted and unpromoted
WO3/V,0s/TiO; catalysts indicating that surface sulfate introduces stronger acid sites.
The sulfate-free CuOx promoted WO3/V20s/TiO, catalyst does not possess any
Brgnsted acid sites, but weak Brgnsted acid sites are introduced by the addition of
surface sulfate (desorption temperature of 376 °C). The relatively weak acid sites on
the CuOx promoted catalysts further reflect the basic character of the surface CuOx
sites compared to CeOx. In general, surface sulfates increase the acid strength of
Brgnsted acid sites and decrease the acid strength of Lewis acid sites. The findings
reveal that the strengths of the surface acid sites are tunable by the promoters and

surface sulfates.

Table 1. Desorption temperature of adsorbed ammonia species determined with in situ IR

Desorption temperature of Desorption temperature of

Catalyst NH4** from Brgnsted acid NHs" from Lewis acid sites
sites (°C) (°C)
WO3/V20s/TiO2 424 485
SO/WO3/V205/TiO 463 480
WO3/V205/Ce0/TiO2 424 473

SOx/WO3/V205/CeO2/TiO: 434 -

WOs/V205/CuO/TiO2 - 444
SO/WO3/V205/CuO/TiO; 376 346

3.4 SCR-TPSR of unpromoted and redox promoted supported MOx/TiO2
catalysts
The supported catalysts were chemically probed by NO/NH3/O>-TPSR and the
resulting spectra are presented in Figure 7. The wunpromoted supported
WO3/V205/TiO; catalyst becomes active for SCR at ~180 °C, and reaches ~90% NO
conversion at ~370 °C. The conversion of NO slightly decreases at T >390 °C due to
over-oxidation of NHj3 (Fig. 7a). While both promoted catalysts reach a maximal
conversion of ~93%, the CuOx promoted catalyst requires lower temperatures to reach
initial (120 °C vs 150 °C) and complete (305 °C vs 315 °C) NO conversion than the
CeOx promoted catalyst. Of the two, however, only the CeOx promoted catalyst is

capable of maintaining high NO conversion (>85%) over a wide temperature range



(280-480 °C), while the over-oxidation of ammonia by the CuOx promoted catalyst
becomes progressively dominant above 315 °C. The unpromoted supported
WO3/V205/TiO; catalyst begins producing the N.O byproduct above ~340 °C while
CeOx promotion suppresses N2O production and CuOx promotion enhances N>O
formation (Fig. 7b). The higher NO conversion achieved both at low and high
temperatures by supported WO3/V20s5/CeO2/TiO; is not due to the redox activity of
possibly exposed CeOx surface sites alone, as evidenced by the low NO conversion of
the CeO2/TiO, promoted support (Fig. S7a). Conversely, the CuOx surface sites seem
to be responsible for the supported WO3/V20s/CuO/TiO> higher NO conversion at
low temperatures, as the CuO/TiO; promoted support exhibits similar low temperature
conversion performance (Fig. S7a). Furthermore, the decrease in NO conversion at
higher temperatures measured for the CuOx promoted catalysts is already present in
the CuO/TiO; promoted support, suggesting CuOy surface sites are responsible for the
measured decrease in conversion (Fig. S7a). This decrease is accompanied by high
levels of N>O being formed by the CuOx promoted surface sites (Fig. S7b) from the
over-oxidation of ammonia, as evidenced by the similar levels of generated N>O when
the catalyst was probed with NO-free NH3/O>-TPSR (Fig. S8). For both
redox-promoted catalysts, the impregnation of the VOx and WOx components is vital
to reach NO conversion of ~90%, as neither promoted support is capable of reaching
such high conversion values (Fig. S7a). These results demonstrate that promotion of
the TiO; support with CeO> has a promotional effect on NH3 based NO SCR with
supported V20s/WO3/TiO». This is supported by (a) the initiation of NO conversion at
a temperature of ~150 °C compared to ~180 °C for both supported WO3/V20s/TiO>
and CeO,/TiO, promoted support, and (b) the lower levels of N>O formed in the CeOx
promoted catalyst compared to its unpromoted counterpart. The enhanced high
temperature NO conversion for the CeOx and CuOx promoted catalysts could be a
result of a promotional effect or simply a product of the combined redox activity of
the VOx and CeOx/CuOx surface sites.

The influence of surface sulfates on the activity and selectivity of the unpromoted and

redox promoted supported WO3/V20s5/TiO; catalysts is presented in Figures 7c and 7d.



The presence of surface SOx has a negligible effect on the NO conversion and N>O
formation activity (Figs. S9a and S9b). The addition of surface sulfates to the redox
promoted catalysts, however, has a more pronounced effect (Figs. S9¢-S9f). The NO
conversion as a function of temperature for both the CeOx and CuOx promoted
catalysts significantly decreased (Figs. S9c and S9¢) while the N,O formation activity
was inhibited (Figs. S9d and S9f). The remarkably similar NO conversion activity of
all catalysts after sulfation suggests that the interaction of the SOx surface sites with
the redox promoters negated their promotional effect on the NO conversion.
Nevertheless, the CeOx promoted catalyst was capable of maintaining its lower N,O
formation activity after sulfation while exhibiting comparable NO conversion activity

to the sulfated unpromoted catalyst.
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Figure 7. Comparison of NO/NH3/O,-TPSR of unpromoted and redox promoted catalysts: (a) NO



conversion over the sulfate-free catalysts, (b) NoO formation over the sulfate-free catalysts, (c)
NO conversion over the sulfated catalysts (d) and N>O formation over the sulfated catalysts.

3.5 Surface structure-activity/selectivity relationships

The catalytic active site for SCR in the supported V20s/WOs3/TiO; catalyst system is
the redox surface VOx site[5,6]. In the absence of promoters, the surface VOx sites
anchor on the TiO2 support by forming bridging V-O-Ti bonds. In the presence of the
surface CeOx and CuOx promoters, with surface coverage of ~0.8 monolayer, the
surface VOx sites also anchor at the surface redox promoters forming bridging
V-0O-Ce and V-O-Cu bonds in addition to forming V-O-Ti bonds. This is especially
true in the Ce promoted catalyst, where the bulk of the sites consumed during VOx
impregnation were the hydroxyls formed during the promotion of TiO> by CeO». The
SCR activity of the catalysts as measured by TPSR did not correlate with the changes
in VOx oligomerization, number or strength of Lewis and/or Brgnsted acid sites.
Accordingly, it is likely that the enhanced SCR activity of the redox promoted
catalysts is at least partially related to a ligand effect through the bridging
V-0-Ce/V-O-Cu bonds that enhance SCR redox activity of the surface VOx sites.
Enhanced SCR performance due to Ce-W interactions has been reported
before[23,25,29], suggesting that the contribution of W-O-Ce bonds, and possibly
W-0O-Cu bonds, to the enhanced redox activity reported herein cannot be discounted.
The beneficial effect of CeOx in terms of both SCR activity and selectivity has been
previously demonstrated for TiO,, VOW/TiO» and WOWTiO, catalytic
systems[14,25,34,41]. Both CeOyx [88-92] and CuOx [35,36,93] surface sites are
themselves SCR active as shown on oxide supported systems and herein (Fig. S7). A
similar propensity for N2oO generation from ammonia has been shown for CuO/TiO2
catalysts even without the presence of NO in the gas feed[94]. This behavior could be
due to the formation of copper-amine complexes, which tend to decompose into N>O
at the relevant temperatures[95] or direct redox activity by the CuOx surface sites. The
decrease in SCR activity in the redox promoted catalysts after sulaftion could be
related to the retardation of the redox properties of the basic surface CeOx and CuOx

promoters from their recoordination to the acidic surface sulfates rather than the



surface VOyx and WOy sites[96-98].

The series of promoted WO3/V20s/TiO2 catalysts in this study also allows for the
examination of the influence of surface Lewis and Brgnsted acid sites on the SCR
reaction by supported WO3/V20s/TiO; catalysts. The CuOx promoted WO3/V205/TiO2
catalyst only possesses surface Lewis acid sites while the sulfated CeOx promoted
WO3/V>0s/TiO; catalyst only contains Brgnsted acid sites and both catalysts are able
to comparably perform the SCR reaction. Since the TPSR data suggests that there are
active VOx sites on both catalysts, this demonstrates that both surface NH3* species
on Lewis acid sites and surface NHs+** species on Brgnsted acid sites are able to
perform the SCR reaction at comparable reaction rates[99]. The possible differences
between the participation of surface NH3* species on Lewis acid sites and surface
NH4™* species on Brgnsted acid sites in the SCR reaction are further blurred by the
ease of conversion of surface NH3* species to surface NH4** species during reaction

in the presence of moisture[88,100,101].

4. Conclusions

The results reported herein explore for the first time the fundamental
structure-acidity-activity-selectivity relationships of redox promoted (CeOx and
CuOx), both sulfate-free and sulfated, supported V20s/WO3/TiO: catalysts and their
effect on the SCR performance. All the supported MOy phases are present as surface
oxide sites on the TiOz support and anchor by reacting with surface hydroxyls. The
CeOx and CuOx redox promoters possess basic character, which decreases the number
of surface Lewis acid sites, but their superior redox characteristic accelerates the SCR
reaction. The greater redox activity of the CuOx promoter, however, dominates the
SCR reaction and leads to the undesirable over-oxidation of NH3; (> 305 °C) and
formation of the global warming N>O byproduct (> 120 °C). The redox CeOx
promoter also accelerates the SCR reaction, but does not over-oxidize NH3 and
suppresses formation of the global warming N>O byproduct (> 400 °C). Sulfation of
the unpromoted supported V20s/WO3/TiO2 SCR catalysts has almost no effect on the

SCR activity. Sulfation of the redox promoted supported V>0s/WO3/TiO> SCR



catalysts, however, slows the SCR activity, presumably by bonding to the redox
promoters and retarding their redox activity. Although both promoters enhance the
catalytic activity, only a small share of VOx anchor on Cu-(OH)-Cu surface hydroxyls
indicating limited direct interaction between CuOx and VOx surface sites. This
suggests that while both promoters improve the catalytic activity, CuOx promotion
does so by adding redox active sites while CeOx promotion enhances SCR activity by
a ligand effect. Catalysts with either only surface NH3* species or only surface NH4**
species were found to efficiently perform the SCR reaction. This demonstrates that
both surface NH3* species on Lewis acid sites and surface NH4™* species on Brgnsted
acid sites are able to perform the SCR reaction, a subject which has been the source of
a long-standing debate about the involvement of one surface ammonia species over

the other surface ammonia species in the SCR reaction.
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Figure Captions

Figure 1. In situ IR difference spectra of the hydroxyl region from dehydrated TiO2
supported VOx-free and VOyx impregnated (a) CeOx promoted and (b) CuOx promoted
catalysts (spectra collected at 400 °C under 10% O»/Ar flow).

Figure 2. In situ IR spectra of the hydroxyl region of the dehydrated supported redox
promoted (a) WOx-impregnated and (b) sulfated catalysts (spectra collected at 400 °C
in flowing 10% Oo/Ar).

Figure 3. In situ Raman spectra of dehydrated redox promoted supported
WO3/V205/TiOs catalysts at 400 °C in flowing 10% Oo/Ar for the spectral regions of
(a) 200-1200 cm™! and (b) 700-1200 cm™.

Figure 4. In situ IR spectra of the overtone region for the dehydrated (a) unpromoted
catalysts, (b) CeOx promoted catalysts and (c) CuOx promoted catalysts (spectra
collected at 400 °C in flowing 10% O»/Ar).

Figure 5. In situ IR spectra of the dehydrated sulfated catalysts.

Figure 6. Effect of surface MOy on TiO; on the amount of surface Lewis and Brgnsted
acid sites as probed with ammonia adsorption-IR measurements at 110 °C in: (a)
supported MO/TiO; catalysts, (b) supported VOx impregnated catalysts, (c)
supported WOy impregnated catalysts and (d) supported SOx impregnated catalysts.

Figure 7. Comparison of NO/NH3/O>-TPSR of unpromoted and redox promoted
catalysts: (a) NO conversion over the sulfate-free catalysts, (b) N2O formation over
the sulfate-free catalysts, (c) NO conversion over the sulfated catalysts (d) and N.O
formation over the sulfated catalysts.
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