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Assessing the Importance of V(IV) During NH3-SCR Using 
Operando EPR Spectroscopy 
Anita L. Godiksen[b], Marie H. Funk[a], Søren B. Rasmussen*[b], Susanne Mossin*[a] 
Abstract: Suggested mechanisms for NH3-SCR on V2O5/TiO2 based 
catalysts contain both oxidized and reduced vanadium species. The 
degree of reduction and the importance of the redox properties of the 
catalyst are however still widely discussed. Here we show the 
presence of significant amounts of oxidovanadium(IV), VO2+ using 
electron paramagnetic resonance (EPR) spectroscopy of V2O5/TiO2 
and V2O5/WO3/TiO2 under operando selective catalytic reduction 
(SCR) of NO with NH3 in a fixed bed plug flow reactor operating at 
high space velocity: 420,000 h-1. The V(IV) content at the completely 
oxidized and reduced states is also analyzed. It is found that a 
significant part of the vanadium is reduced to the EPR active species, 
VO2+ at operando SCR conditions and even more when O2 is removed 
from the SCR gas.  

Introduction 

The selective catalytic reduction of NOx by ammonia (NH3-SCR) 
with titania supported vanadium oxide catalysts is widely used 
commercially. Titania exhibits the appropriate interaction with 
surface vanadia species and is very robust in industrial off gas 
treatment in the temperature range 200-450°C. Especially the 
sulfur dioxide resistance and the performance compared to 
production price is outstanding, which ensures that vanadium-
based catalysts will continue to play a major role industrially.  
Vanadia dispersed over a titania (anatase) carrier is present as 
isolated or polymerized oxido and hydroxido vanadium(V) species 
when the total surface density of vanadium is less than around 8 
V atoms pr. nm2. Above this limit, often referred to as the 
monolayer capacity, nanocrystalline V2O5 starts to build up on the 
catalyst in addition to the dispersed species. At temperatures 
above 200°C, the SCR reaction behaves according to an Eley-
Rideal type mechanism[1–9]. NH3 is present as adsorbed species 
on the surface whereas NO reacts practically directly from the gas 
phase.  
Raman and Fourier Transform Infrared (FTIR) spectroscopy have 
proven to be valuable methods for establishing the surface 
chemistry of vanadia at near SCR relevant conditions. FTIR 
spectroscopy has demonstrated the existence of a complicated 
ensemble of functional groups on the surface such as V-OH, W-
OH, Ti-OH, V=O, adsorbed NH3 and NH4

+.[7] The distribution 
depends on the surface density of the transition metal oxide 
species and on the gas phase composition. Raman spectroscopy 
clearly identify oxide phases present in the bulk (TiO2) and 

surface V-OX and W-OX of the catalyst.[3] Neither of these 
methods are directly sensitive to the oxidation state of vanadium. 
EPR spectroscopy is complimentary to these methods since it can 
only detect certain paramagnetic V(IV) species whereas V(V) is 
diamagnetic and therefore EPR silent. It is possible to set up a 
reactor heated with a flow of gas within the cavity of the EPR 
instrument and perform operando studies of the SCR reaction. 
Valuable information has thus been obtained by EPR 
spectroscopy on catalytic systems either ex-situ after activation at 
relevant conditions[10–12] or operando and in-situ at high 
temperatures: This includes investigations of V(IV), Cu(II) and 
Fe(III).[13–16]  
Vanadium(V) is found as oxidovanadium(V) (VO3+) in both 
isolated and polymeric species on the surface of the anatase 
support. At low vanadia loadings isolated vanadium(V) species 
are dominant and have in general been considered to be four 
coordinate with three V-O-Ti bonds in addition to the apical oxido 
group. Some studies have pointed out that during operando SCR 
the water content is sufficient to hydrolyze one of the V-O-Ti 
bonds,[3,9,17] so that the most abundant isolated vanadium(V) 
species on the surface at the reaction conditions contain at least 
one OH group. As the coverage increases at higher vanadia 
loadings, the condensation of V-OH species becomes extensive 
and V-O-V bonds are formed. 
Vanadium(IV) is commonly found in the form of 
oxidovanadium(IV) (VO2+, vanadyl) which is known to be stable 
under a wide range of conditions and environments. 
Oxidovanadium(IV) species are usually tetragonal with 4 ligands 
in a plane perpendicular to the apical V=O bond. Often a more 
distant sixth donor is also present trans to the oxido group 
resulting in 6-coordination. The energetically well-separated 
ground state of tetragonal 5- or 6-coordinate oxidovanadium(IV) 
species results in a distinct EPR signal with hyperfine coupling to 
the 51V nuclei (I = 7/2, 100 % abundance). The EPR signal can be 
observed at temperatures relevant for the SCR reaction due to 
slow relaxation of the excited spin state and it has earlier been 
used by J. Due-Hansen et al. in combination with UV-vis 
spectroscopy to identify the interplay between the V(III), V(IV) and 
V(V) redox states during exposure of V2O5/TiO2 catalysts to 
hydrogen-oxygen mixtures[18]. Later, the UV-vis results were 
confirmed by I. Wachs et al., discussing the presence of V(IV) 
sites in relation to surface intermediates during SCR[19,20]. 
Though Raman spectroscopy is not as sensitive to V(IV)=O 
species as EPR spectroscopy, careful analysis has revealed that 
at least part of the vanadium that is reduced at SCR conditions 
retains its V=O entity. This has also been shown by DFT 
calculations[21,22]. The relevance of vanadyl(IV) makes EPR 
spectroscopy a highly relevant tool for further analysis of the 
reduced vanadium species. 
Non-oxido V(IV) is normally considered unstable under ambient 
or high temperatures or with access to water. Under a protective 
atmosphere or using specialized ligands, however, non-oxido 
coordination compounds of V(IV) may be isolated and 
characterized.[23] Under reducing conditions vanadium(III) and 
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vanadium(II) compounds can also be isolated. Due to the high 
reactivity and strong reducing nature of V(III) and V(II) these 
oxidation states are not expected to be relevant in the presence 
of oxygen and water.   
In this manuscript we argue that all vanadium species present in 
the surface layer during exposure to NO and O2 is 
oxidovanadium(V) species and that EPR provides positive 
evidence for tetragonal oxidovanadium(IV) species being present 
in significant amounts under operando SCR and in even higher 
amounts after in-situ exposure to NO and NH3. We use EPR to 
analyse the amount of tetragonal oxidovanadium(IV) present in 
the material during SCR and monitor both oxidation and reduction 
of the catalyst by changing the gas composition. 
The mechanism for the SCR process and the role of vanadium 
(IV) species are still under debate[1,2,22,24–26]. The observation by 
EPR presented here show that a significant percentage of 
tetragonal oxidovanadium(IV) species is present under reaction 
conditions which is in accordance with the suggested mechanism 
presented by Arnason et al.[27]  

Results and Discussion 

Four samples with varying vanadium and tungsten loading are 
analysed in this study. The content of V and W determined by ICP 
and the BET surface area of the four investigated samples are 
given in Table 1. The IR and Raman spectra of the samples after 
activation in air flow at 400 °C are found in Figure 1 and Figure 2. 
The samples are comparable to similar V2O5/WO3/TiO2 samples, 
with the V3 samples having approximately half a monolayer 
coverage (around 3.9 V/nm2) and the V6 samples a full monolayer 
coverage (7.8 V/nm2). The FTIR spectra of the V3 samples show 
the V-OH stretching band at around 3655 cm-1. In accordance with 
the literature, the band shifts to lower wavenumbers with 
increasing V load as a result of the polymeric nature of the V 
species at higher loadings[7]. The increase in intensity of the V=O 
overtone band with increasing vanadium loading is observed in 
Figure 1 b). The Raman spectra show the characteristic TiO2 Eg 

band 640 cm-1[28]. From the inset it is seen that the samples 
contain both monomeric and polymeric vanadium species. The 
bands at 1031-1035 cm-1 are assigned to the V=O stretching 
mode of predominantly isolated distorted tetrahedral 
monovanadates. The broad band at 900-950 cm-1 arises from the 
V-O stretching modes, primarily polyvanadate V-O-V modes[29–31]. 
The sharp band at 992 cm-1 is due to crystalline V2O5 on the 
anatase surface and indicates a high vanadium loading on the 
V6W3 sample exceeding the monolayer coverage. The band at 
800 cm-1 is an overtone vibration of the anatase support which is 
stronger for the lower V loading catalysts[32]. 
 

Table 1. ICP determined composition along with their BET surface area. 

 Content from ICP 
BET surface area 

m2/g 
 w% 
 V2O5 V WO3 
V3W3 3.24 1.81 4.29 55 
V6W3 6.09 3.41 3.41 44 
V6W0 5.66 3.17 0.26 50 
V3W0 3.42 1.92 0.12 59 

 
The results from the EPR investigation of the V3W3 sample 
during SCR with and without O2 are shown as absorption spectra 
(the first integral of the measured first-derivative EPR spectra) in 
Figure 3. It is obvious that the EPR signal intensity increases upon 
removal of O2 from the feed gas and decreases again to the same 
level upon reintroduction of O2. Some broadening of the spectra 
was observed upon removing O2 (see Figure S1). The first and 
subsequent cycles gave identical results showing the stability of 
the used in-situ setup and the reproducibility of the experiments.  

 
Figure 1. IR spectra of the V2O5/WO3/TiO2 samples. a) the V-OH stretching 
band area. b) the V=O overtone band. 

 
Figure 2. Raman spectra of the V2O5/WO3/TiO2 samples recorded at 80 °C 
after activation in air flow at 400 °C. 

In Figure 4, top, the same data are given as EPR signal intensity 
(the double integral of the EPR spectra) and have been 
referenced to the total vanadium content using spectra of 
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oxidovanadium(IV) reference samples. In order to assess 
whether the experiments were run during actual operando 
conditions the exhaust gas composition was monitored 
continuously throughout the experiment and this is plotted on the 
same time scale, see Figure 4 bottom for the result for V3W3. The 
EPR signal intensity along with the exhaust gas composition for 
all samples are shown in Figure S2 and S3 at 250 °C and 200 °C, 
respectively. The NO conversion was found to be 80 – 85 % at 
250 °C and 35 – 40 % at 200 °C for all 4 catalysts under operando 
SCR and was approximately zero for all samples under NO + NH3 
after the steady state was reached. This confirms that 
measurements were conducted during the actual working 
conditions for the catalysts. 
The samples were also tested in a cycle from fully reducing (NO 
+ NH3) to fully oxidizing conditions (NO + O2) at 250 °C in a 
separate experiment. The development of the EPR signal 
intensity for V3W3 is shown in Figure 5. The corresponding data 
for all samples and selected EPR spectra are given in Figure S4 
and S5, respectively. To assess the spectra of the catalyst in the 
fully oxidized state, spectra were measured under O2 alone and 
under NO + O2 combined. These two spectra are compared in 
Figure 5, left and are found to be identical. (See Figures S6 and 
S7 for data for all samples) 
For completeness, a control experiment was performed to 
investigate if any nitrates present would induce a change in the 
spectra, which had previously been observed on EPR of Cu-SSZ-
13[33,34]: V3W3 was exposed first to a flow of NO + O2 and then to 
a flow of NO (see Figure S8). The change in both intensity and 
spectrum were negligible. This control experiment was only 
performed on the V3W3 sample, since this sample was previously 
seen to give the strongest response to changes in the gas flows.  
 

 
Figure 3. Stacked plot of the background corrected EPR absorption spectra 
obtained on the V3W3 sample through alternating between standard operando 
SCR (NH3 + NO + O2, dark grey) and in-situ under NH3 + NO (light grey) at 
250 °C. The time resolution is 4 spectra/min, the gas composition was switched 
every 10 minutes 

 
Figure 4. Top: EPR signal intensity as a function of time for the V3W3 sample 
during cycling between operando SCR and in-situ under NO + NH3 (1000 ppm 
of each). The EPR signal intensity has been recalculated as the concentration 
of EPR active V(IV) relative to the total vanadium content. The starting point at 
t = 0 corresponds to the resting state after oxidation with O2/He. Bottom: The 
composition of the exhaust gas as a function of time during the same experiment. 

 
Figure 5. Left: Evaluation of the background spectra: First derivative EPR 
spectra of V3W3 collected at 250 °C after 20% O2/He (black) and 1000 ppm NO 
+ 10 % O2 in He (red). Right: Intensity of in-situ EPR signal for the V3W3 sample 
during cycling between a flow of NO + NH3 and a flow of NO + O2 at 250 °C. 

Spectral simulations: The experimental and simulated spectra 
for V3W3 under operando SCR at 250 °C with and without oxygen 
present are shown in Figure 6 (The data for all samples are 
collected in Table S1 and Figure S9-S10). The findings by 
computer simulation analysis of the spectra under operando SCR 
at 200 and 250 °C are collected in Table 2. The spectra were all 
reproduced using sums of three different types of species: A, B 
and C. Species A accounts for the majority of the EPR signal 
intensity: 66-99 % for all samples under all gas compositions and 
temperatures. A has a broad featureless isotropic EPR line 
centered at giso = 1.96. Neither the hyperfine coupling to the 
vanadium center nor the g anisotropy is resolved. B and C, on the 
other hand, have narrow lines and resolved hyperfine coupling to 
the 51V nuclei (I = 7/2). It was assumed that the strong V=O bond 
induces near axial symmetry and therefore in the modeling of the 
spectra of B and C both g- and A-tensors are restrained to be 
axial with collinear main axes. For distorted surface species this 
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assumption may break down. It was adopted in all simulations in 
order to keep the model simple and any deviations are therefore 
assumed to be absorbed in the line width. The relative 
percentages of A, B and C were fitted under the assumption that 
the fitting of the line widths of each species in Easyspin was 
reasonable with only minor deviations. The fitted parameters of B 
and C deviate a little between samples and experiments. This 
may be due to a different distribution of subspecies of B and C 
that are only partially resolved or to the limitations of our fitting 
protocol. For the purpose of this investigation, these minor 
differences were ignored and they were therefore grouped as 
being of either B or C type. 
 

 
Figure 6. Experimental (black) and simulated (red) first derivative in-situ EPR 
spectra of V3W3 at 250°C. Left: operando SCR (NO + NH3 + O2); right: NO + 
NH3. The intensity of the spectrum to the right is approximately twice the 
intensity of the spectrum on the left. 

Table 2. Fitted spin Hamiltonian parameters and distributions under operando 
SCR. Column 3-8 contain fitted axial spin Hamiltonian parameters for the 
background corrected EPR spectra. Column 9 is the Lorentzian line width. 
These are identical within the uncertainty for the spectra obtained at 200 and 
250 °C. Column 10-11 contain fitted distributions of EPR active species and are 
given relative to the total EPR spectrum intensity of that particular spectrum. 
The values relative to the total amount of vanadium are given in parentheses. 

Samples  
and Species 

Fitted Parametersa 
 Fitted 

Distributionsa 
g⊥ g|| gisob A⊥ A|| Aisob LW mT  % 

   MHz MHz MHz 
SCR  

250 °C 
 SCR  
250 °C 

SCR  
200 °C 

V3W3 
A - - 1.96 - - - 70  87 (20) 92 (24) 
B 1.97 1.91 1.95 190 505 295 4  10 (2) 7 (2) 
C 1.96 1.93 1.95 150 500 265 3  2 (0.5) 1 (0.3) 

V6W3 
A - - 1.96 - - - 85  98 (12) 97 (15) 
B 1.97 1.92 1.96 200 505 300 4  2 (0.2) 3 (0.4) 
Cc 1.97c 1.96c 1.97c 155c 505c 270c 3c  0.3 (0.04) 0.7 (0.1) 

V6W0 
A - - 1.96 - - - 65  97 (11) 98 (15) 
B 1.97 1.92 1.95 190 500 295 4  3 (0.4) 2 (0.3) 
Cc 1.96c 1.96c 1.96c 130c 445c 235c 3c  0.1 (0.01) 0.03 (0.005) 

V3W0 
A - - 1.96 - - - 60  66 (3) 71 (4) 
B 1.97 1.91 1.95 195 515 300 4  16 (0.7) 15 (0.8) 
C 1.96 1.93 1.95 145 465 250 4  18 (0.8) 14 (0.8) 

aThe error bars on fitted values are estimated to be 0.01 on g-values, 5-10 MHz 
on A-values and 1-2% on distributions. bgiso is calculated as giso = 1/3(2g⊥ + g||). 
Aiso is calculated as Aiso = 1/3(2A⊥ + A||). cThe content of these sites are less 
than 0.1 wt% of the total amount of vanadium and the spin Hamiltonian 
parameters are not well-determined from the fit. 
 

X-band EPR spectroscopy is sensitive to certain types of 
paramagnetic centers, but a signal is not always seen even 
though a given species is paramagnetic. If the EPR signal can be 
assigned to an S = ½ species and the relaxation of the excited 
spin state is not too fast then it is possible to quantify the signal 
by comparison with a spin reference[15,35–37]. If the entire spectrum 
observed can be assigned to a particular species, then it is 
possible to quantify the amount by analysis of the EPR signal 
intensities. This assumption is not trivial, since other 
paramagnetic species can also be present. Possible signals from 
each metal center present on the V2O5/WO3/TiO2 are discussed 
in the following list of relevant EPR active centers: 
• Titanium(IV), vanadium(V) and tungsten(VI) are all d0 

systems, that are diamagnetic and will always be EPR silent. 
After exposure to strong reductants paramagnetic titanium(III) 
can form. The signal from Ti(III) is expected at a line position 
of g = 1.93 and may require low temperatures and higher 
frequencies to be observed[35]. None of the spectra presented 
here had any features assignable to Ti(III). Tungsten(V) is 
also paramagnetic, but the signal is expected at even lower g-
values of ~1.8 and was not observed either. 

• Vanadium(IV) is a paramagnetic d1 system and EPR signals 
are usually easily recognized by the hyperfine interaction with 
the I = 7/2 51V nucleus giving a characteristic pattern. The g-
value and the coupling constant to the nuclear spin (the A-
value), depend on the coordination sphere of vanadium, vide 
infra. Not all vanadium(IV) species are expected to be 
observable in an X-band EPR experiment at elevated 
temperatures. If the symmetry of the coordination sphere is 
tetrahedral or octahedral with similar ligands in all positions, 
then the ground state will be degenerate, which is not a stable 
situation according to the Jahn-Teller theorem. Distortions 
away from the high symmetry will release the degeneracy, but 
if the distortion is hindered by the crystal structure (i.e. by 
vanadium(IV) doped in the oxide of another metal) then the 
distortions are not able to separate the ground state and the 
closest excited state efficiently. As a result, vibronic coupling 
results in fast relaxation of the excited spin state and the EPR 
signal will be broadened beyond detection at elevated 
temperatures. For tetragonal (i.e. having a four-fold axis) 
oxidovanadium(IV) the 2B2 ground state (C4v notation) is non-
degenerate and well separated from the other electronic 
states, so relaxation rates are slow enough for the EPR 
spectrum to be observed.  

• Vanadium(III) is also paramagnetic with S = 1. EPR signals 
from integer spin species often have non-negligible zero-field 
splitting. In this case the X-band frequency is too low to see a 
signal. Vanadium(III) EPR signals on V2O5/TiO2 have only 
been observed at cryogenic temperatures with high frequency 
high field EPR.[35] 

• Dimeric oxidovanadium(IV) species are expected to couple 
antiferromagnetically resulting in an S = 0 ground state and 
an S = 1 excited state. If the coupling is strong enough only 
the ground state is populated, and the dimer will be EPR silent. 
For oxidovanadium(IV) species connected with a µ-oxido 
bridge the coupling is expected to be strong enough to result 
in loss of the EPR spectrum. For longer diamagnetic bridges, 
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such as -O-V(V)-O- or similar, the interaction is very weak and 
the EPR spectrum will correspond closely to the spectrum of 
an oxidovanadium(IV) monomer, but the interaction with the 
neighboring paramagnetic centers results in increased line 
width. 

We argue that, in this work, tetragonal oxidovanadium(IV) are the 
only species giving a significant EPR signal since:  
• The observed spectra correspond well to tetragonal 

oxidovanadium(IV) species and this can account for all of the 
observed EPR spectral intensity.[38]  

• All spectra were obtained at room temperature or above, 
where many of the other possible EPR signals would be 
unobservable.  

• The EPR response follows the gas flow. Under oxidizing 
conditions no signal is observed. Under reducing SCR 
conditions, a large EPR response is seen.  

 
Figure 7. Correlation diagram – giso vs. Aiso for vanadium(IV) species. The 
individual components of the four samples in Table 2 with well-determined spin 
Hamiltonian parameters are plotted. The diagram is based on Davidson and 
Che.[39] 

Identity of observed VO2+ species: The spin Hamiltonian 
parameters are indicative of the coordination environment of the 
vanadium(IV) species. As an analogue to the Blumberg-Peisach 
plot[40], which has been successful in grouping the EPR signals of 
copper species according to the coordination environment, 
Goodman and Raynor[41] and Davidson and Che[39] suggested to 
plot the g-values of V2O5/TiO2 species averaged over the three 
molecular axes, giso as a function of the corresponding averaged 
hyperfine coupling constants, Aiso. Analyzing data from literature, 
the different EPR active vanadium(IV) species were plotted and 
shown to separate into three areas in the plot each area being 
indicative of different coordination environments of the vanadium 
centers. The α area is characteristic of oxidovanadium(IV): VO2+ 
with tetragonal symmetry, the oxido group being in the apical 
position and 4 donors in the plane perpendicular to the V=O bond. 
A sixth ligand may also be present trans to the oxido group. In the 
present case the 4 or 5 additional ligands could be water, 
hydroxide, oxygens from the support, bridging oxido or hydroxido 
groups to other V or W centers. The β area is characteristic of 
vanadium ions in near tetrahedral geometry and the γ area is 

characteristic of vanadium ions in near octahedral symmetry. The 
species giving sharp and well defined EPR signals in this work 
are all found within the α area, see Figure 7. The results fall in two 
groups: B and C as indicated in Figure 7. Species B has the spin 
Hamiltonian parameters g⊥ = 1.97, g = 1.915±0.005, A⊥ = 195±5 
MHz and A = 510±5 MHz. It accounts for 10 and 16 % of the total 
EPR active V(IV) at operando SCR at 250 °C in the two samples 
with low loading of V, but is below 3 % for the samples with high 
content of V. Species C has the parameters g⊥ = 1.965±0.005, g 
= 1.945±0.015, A⊥ = 150±5 MHz and A = 483±23 MHz and is 
only present in significant amounts in the V3W0 sample where is 
accounts for 18 % of the EPR active vanadium. The spin 
Hamiltonian parameters of the different species and the 
distribution of species is essentially the same as observed by 
Vuong et. al. by operando EPR on a similar material.[16] 
Species A is assigned to magnetically interacting or otherwise 
broadened oxidovanadium(IV) centers due to the unresolved 
EPR signal of this species. Species B and C are assigned to 
magnetically isolated tetragonal oxidovanadium(IV) species that 
may or may not be isolated in a structural sense as well. 
Magnetically isolated means that all the closest metal centers are 
diamagnetic: Ti(IV), V(V), W(VI).  Structurally isolated denotes 
that the V(IV) center are not connected through an oxido bridge 
to any other vanadium centers.[42]  
Species B and C have been discussed and assigned on the basis 
of the EPR spectrum in the literature by several authors and we 
will continue the discussion in the following: The spectrum of 
species B is very similar to several literature-reported spectra that 
are assigned by Paganini et al.[10] to be 5-coordinate surface 
oxidovanadium(IV) species with an (equatorial) empty 
coordination position that has the possibility to interact with 
adsorbates. Arnason et al.[22] suggest that species B is a 5-
coordinate partially hydrolyzed oxidovanadium(IV) surface 
species on the surface of the anatase with a weak sixth interaction 
trans to the oxido group. 
Species C was assigned by Paganini et al.[10] to be five- or six-
coordinated oxidovanadium(IV) with a stronger interaction or 
insertion into the TiO2 matrix. The parameters of species C are 
also very similar to the values found for a species assigned as 5- 
or 6 coordinated V(IV) in intralattice positions in TiO2.[39] Arnarson 
et. al.[22] suggested that species C correspond to a pseudo-
tetrahedral 4-coordinate oxidovanadium(IV) species present on 
other facets of the anatase crystallite. It can be discussed if such 
a species would be EPR active at high temperatures since fast 
spin-lattice relaxation may broaden the EPR signal beyond 
detection for species with electronically excited states that are too 
close to the ground state. This would be the case for a trigonal 4-
coordinate oxidovanadium(IV) species.  
In order to pursue the assignment of these species a little further 
the assignment in molecular vanadium coordination chemistry 
has been consulted.[44] The spin Hamiltonian parameter A for 
oxidovanadium(IV) species has been found to follow an additivity 
relationship, which also holds up well under slight distortions of 
the coordination sphere away from tetragonal. The value of A is 
empirically found to be a sum of a contribution for each of the 4 
close non-oxido donors for oxidovanadium(IV) species.[45] 
Hydroxido and alkoxido, RO– groups are both tabulated to have a 
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contribution of 39⋅10-4 cm-1 whereas water has a contribution of 
46⋅10-4 cm-1. The A value of species C (483 MHz or 161⋅10-4 cm-

1) correspond to 4 donors with an average value of 40⋅10-4 cm-1, 
whereas the one of species B (510 MHz or 170⋅10-4 cm-1) 
corresponds to an average of 43⋅10-4 cm-1. This corresponds well 
to the assignment of Arnarson et. al. for species B and to the 
assignment of Paganini et. al. for species C. In accordance with 
this we suggest that the difference between species B and C is 
not the coordination number but rather the degree of hydrolysis; 
B being more hydrolyzed than C by having more hydroxido 
groups or having hydroxido bridges to neighboring metal centers 
rather than oxido bridges. Highly hydrolyzed species are only 
found on the surface, whereas the less hydrolyzed species can 
either have a strong interaction or insertion into the support or it 
could be an efficiently dehydrated surface species. 
It is not possible to place species A in the plot in Figure 7 since 
the hyperfine coupling is not resolved. The g-value is very similar 
to the average of the g-values in both species B and C and is 
similar to the one found for V(IV) defects in amorphous V2O5, 
which also has a tetragonal structure around V.[46] Species A is 
expected to have the same type of coordination environment as 
species B and C, but experience severe broadening of the EPR 
spectrum due to interaction with other paramagnetic centers. 
Neither the individual hyperfine lines nor the differences that 
allowed the differentiation between type B and C sites are 
resolved. There are several possible reasons for the broadening: 
Magnetic exchange with nearby V(IV) species at high V(IV) 
concentrations result in severe broadening of EPR spectra but 
other effects might also be relevant given the high temperatures 
in the in-situ investigation: Vanadium in non-crystalline surface 
species may have a high level of distortions in the coordination 
environment. Species with vibrationally active –OH or H2O groups 
are also expected to be broadened. In this work, the line width 
was observed to increase significantly with increasing 
concentration of oxidovanadium(IV) as the sample was reduced, 
see Figure 3, and therefore we assess the magnetic exchange to 
be the most important factor for the observed broadening.  
If vanadium would be found as tetrahedral or octahedral non-
oxido V(IV), these would be expected to be subject to the same 
effect as described above for trigonal oxidovanadium(IV) species. 
The effect of close-lying excited states can cause the EPR signal 
of V(IV) to disappear completely at elevated temperatures due to 
fast relaxation. If some V(IV) has diffused completely into an ideal 
TiO2 lattice position, as reported to be relevant after annealing at 
high temperatures, the EPR signal would belong to the γ area in 
Figure 7, but would likely be unobservable at our experimental 
conditions. Likewise, for tetrahedral non-oxido V(IV) with 
parameters in the β area of Figure 7. EPR used as described here 
is expected only to be sensitive to tetragonal oxidovanadium(IV) 
species, and it should be noted that a positive identification of 
these species is shown here, and they have a quite high 
abundance.  
EPR active V(IV) observed during operando and in-situ SCR 
conditions: The relative intensity of EPR signals throughout an 
experiment can be obtained from the double integral when care is 
taken to assure accurate measurements. The relative intensities 
throughout single experiments were identical within the given 

uncertainty across several replicates. The relation to the total 
amount of vanadium in the sample is more challenging and 
connected with a higher uncertainty, but it is necessary for the 
discussion regarding the relevance of tetragonal 
oxidovanadium(IV) for the SCR reaction. It is imperative to asses 
if the vanadium EPR signal observed corresponds to a significant 
fraction or only traces of the vanadium in the sample. Our 
procedure is detailed in the experimental section. The amount of 
EPR active vanadium during different experimental conditions at 
250 and 200 °C are given in Figure 8. The precise value of the 
V(IV) amount has some uncertainty, the existence and the relative 
high levels of V(IV) are non-debatable due to the strong and 
recognizable EPR response.  
The first thing to note is that the amount of vanadium, which can 
be reduced in-situ under a flow of NO + NH3 at 200 or 250 °C is 
quite substantial for V3W3 with approximately 43 % of the total 
vanadium in the sample at both 200 or 250 °C. For the 3 other 
samples the amount is around 20 %. This amount is termed the 
redox accessible vanadium. For the application of the catalyst 
another relevant measure is the amount of redox accessible 
vanadium per weight of catalyst material including support 
material. This parameter could be the target for optimization in an 
industrial context. Recalculating the numbers from Figure 8 will 
achieve the following amounts of redox accessible vanadium: 
0.78 w% for V3W3, 0.72 w% for V6W3, 0.63 w% for V6W0 and 
only 0.34 w% for V3W0. Clearly V3W3 is the most reducible 
material. This determination using EPR represents a quantitative 
lower bound for the reducibility of the catalyst and the results 
could be compared with e.g. H2-TPR results for the same 
material.[47] The reducibility by EPR has been tested with an SCR-
relevant gas mixture, whereas the reducibility tested with 
hydrogen gas is a model experiment, which is far away from 
actual SCR conditions. 

 
Figure 8. The amount of EPR active V(IV) measured at steady state conditions 
during the experiments for all samples. The numbers are given as weight 
percentages of the total vanadium content. 

In order to investigate the development in the amount of EPR 
active oxidovanadium(IV) as a function of temperature the 
samples were exposed to operando SCR (NO + NH3 + O2) at 
several temperatures. The results are given in Figure 9.The 
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amount of oxidovanadium(IV) under operando SCR relative to the 
total catalyst weight is significantly lower for V3W0 compared to 
the other samples. The presence of either the tungsten promoter 
or a high vanadium concentration is seen to enhance the 
reducibility of the vanadium on the catalyst, thus resulting in the 
observed higher V(IV) content.  
The amount of EPR active oxidovanadium(IV) found under 
operando SCR is obtained on an active catalyst, where the 
concentration of NO and NH3 in the gas phase is not the same in 
the beginning and in the end of the catalyst bed. The EPR signal 
is accumulated over the entire sample and the amount of 
oxidovanadium(IV) found is therefore dependent on the ratio 
between the rate of the reduction and oxidation reactions, which 
have different activation energies and temperature dependences. 
The EPR signal is also dependent on the conversion over the bed 
if the assumption of a differential reactor condition does not hold 
at temperatures when the conversion is high. 
The distribution between the reduced and oxidized resting states 
of the catalyst changes with temperature and experimental 
conditions. This is a consequence of several factors e.g. reduction 
rate, oxidation rate, space velocity, ammonia adsorption, water 
content etc. A maximum in the oxidovanadium(IV) concentration 
is observed in Figure 9 at around 200 °C for all four samples. This 
observation has high confidence. We have not tried to interpret 
this behavior at this stage, however, since it would require further 
data and investigations at a wider range of experimental 
conditions. 

 
Figure 9. The EPR active vanadium content during operando SCR at different 
temperatures given in weight percentage of the total catalyst mass including 
support material. 

Distribution of vanadium species during in-situ and 
operando SCR conditions: The distribution between magnetic 
non-interacting monomers, B and C and the magnetically 
interacting species giving an isotropic EPR spectrum, A is difficult 
to determine since the distribution found will depend on the 
linewidth used in the simulation of the spectra. The first-derivative 
spectra normally given for EPR spectra, see Figure 6, cause the 
contributions from sharp lines to appear more dominant than they 

are in reality. The analysis using computational simulations is 
necessary in order to assess the distribution. In the data reported 
here the line width was fitted along with the spin Hamiltonian 
parameters. The data are given in Figure 10 for all samples under 
operando SCR and in-situ under NO + NH3 flow at 250 °C. In 
these materials the species giving a broad featureless signal is 
always the majority, and this does not change during SCR at 
different temperatures (see Table S2 and Figure S11). The ratio 
of the amount of B + C to the amount of A is higher for the V3 
than for the V6 samples, both in the reduced state and under 
operando SCR, see Figure 10. Since the degree of uncertainty is 
quite high for the simulation of these species, this could be a result 
of the resolution or error in simulations, but it could also indicate 
a higher degree of clustering of paramagnetic species for the high 
loading samples. 

 
Figure 10. Content of EPR active oxidovanadium(IV) and distribution of the 
different oxidovanadium(IV) species relative to the total weight of the catalyst 
under operando SCR (grey columns) and under in-situ NO + NH3 (blue columns) 
at 250 °C. 

Tetrahedral V compounds have been found by Lewandowska et 
al.[9] and Eckert and Wachs[48] using 51V-NMR spectroscopy. NMR 
investigations are only sensitive to diamagnetic V(V) species that 
are generally accepted to be more in favor of tetrahedral 
coordination than V(IV). Nevertheless, it is reasonable to suggest 
that both 4-, 5-, and 6-coordinate species of V in both oxidation 
states can be coexisting with the distribution depending on the V 
content, W content, temperature, extent of hydration, gas 
composition etc. In V2O5 type phases in bulk or on the surface of 
support materials the oxido group is normally ubiquitous. This 
should hinder the formation of highly symmetric tetrahedral or 
octahedral non-oxido species. The presence of these sites cannot 
be excluded based on EPR investigations alone since they would 
not be observed. This must be considered when making 
conclusions regarding the V phases present. If some vanadium 
has entered the framework of the anatase support to obtain a 
higher symmetry site by substituting for titanium, it is likely not 
relevant for the SCR reaction cycle. The inability of EPR to 
observe these sites will not change the conclusions or 
quantifications of the sites that are accessible for the SCR 
reaction. The percentages of V present as oxidovanadium(IV) 
collected in Figure 8 are quite substantial compared to the total 
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vanadium content but there might still be additional EPR silent 
V(IV) phases present that cannot be observed. The amount of 
these sites in fresh and used samples could be assessed by 
comparing EPR spectra obtained at elevated temperature with 
spectra obtained at cryogenic temperatures where the lifetime of 
the exited state may be sufficient long to observe these phases. 
At this stage the experiment has not been performed.  
Alternating between NO + O2 and NO + NH3 flows at 250 °C for 
all four samples show that NO + NH3 reduce a substantial 
percentage of the total amount of vanadium present to give the 
EPR active oxidovanadium(IV), see Figure 5 right, for the results 
for V3W3 (Figure S4 for the rest). A reoxidation occurs in NO + 
O2, where essentially all vanadium is oxidized to EPR inactive 
vanadate(V). Both the reduction and the oxidation are too fast to 
follow at 250 °C with this experimental protocol. From these 
experiments it is not possible to make any conclusions regarding 
the relative rates of oxidation and reduction, or to observe any 
intermediate species.  
The oxidation with O2 alone is not distinguishable from an 
oxidation with NO + O2 except for a trace of V(IV) remaining on 
the sample when oxidizing with O2 alone (see Figure S7). If a 
catalyst is first exposed to O2 at 250 degrees for a period and then 
is exposed to NH3 alone at 200 °C, the generation of EPR active 
oxidovanadium(IV) is not observed (see Figure S12). It cannot be 
precluded from these data that reduction of vanadium is taking 
place with ammonia alone, but it is suggested that it is not 
resulting in the same EPR active oxidovanadium(IV) species that 
were the result when the catalyst was exposed to NO and NH3 
together.  
During the oxidation in NO + O2 a nitrate-nitrite equilibrium in the 
cycle has been suggested[27] and experimentally observed by IR 
spectroscopy on vanadia SCR catalysts[49]. According to the SCR 
cycle suggestion[24], a nitrate species on the redox site is 
predicted only when vanadium is in the EPR silent V(V) state. This 
hypothesis was challenged by first exposing the sample to NO + 
O2 and then to NO alone during an in-situ EPR experiment. Only 
a negligible change was observed in the EPR spectrum of the 
vanadium-based SCR catalyst during this procedure (see Figure 
S8). The absence of any EPR active nitrate species is in 
accordance with the hypothesis. 

Conclusions 

V2O5/WO3/TiO2 catalysts have been investigated under 
conditions relevant for the SCR reaction in a fixed bed plug flow 
reactor operating at 420,000 h-1 running with a NO conversion of 
up to 85 % at 250 °C. The findings reported here show that up to 
45 % of the total vanadium present in the catalyst can be reduced 
to tetragonal 5- or 6-coordinate oxidovanadium(IV) species by NO 
and NH3 together. During operando SCR up to 26 % 
oxidovanadium(IV) are observed. With this we provide 
unambiguous evidence of the presence of V(IV) species during 
operando SCR and underline their importance for the SCR 
catalysis. Furthermore, the results provide evidence that a large 
percentage of reduced vanadium is indeed present as 
oxidovanadium(IV), VO2+ species. The high ratio of 

oxidovanadium(IV) present after reduction also implies that the 
hypothesis that reduction of oxidovanadium(V), VO3+ leads to 
non-oxido V(IV)-OH - as often proposed in the literature[1] is 
incorrect. It is proposed in accordance with Wachs et al.,[3] that 
the double bond of the oxidovanadium unit is not broken during 
catalytic turn-over in the SCR reaction. This is also in line with the 
argument that the V=O double bond is the most stable bond within 
the vanadia structure.  
The importance of using sufficiently high space velocities during 
operando SCR studies has been clearly demonstrated in this work. 
If the catalyst is running too close to complete conversion the 
difference in rate between the reduction and oxidation step is 
equalized by mass transfer limitations and the reaction could be 
running in only the upstream part of the catalyst bed whereas the 
downstream part is in the oxidized state.[50]  
The amount of oxidovanadium(IV) species that give sharp, well-
defined signals in the EPR spectrum is relatively small. The 
majority of the observable oxidovanadium(IV) species have a 
severely broadened EPR spectrum, probably due to magnetic 
exchange interactions with neighboring paramagnetic sites. 
These sites could be other vanadium(IV) species, but it should be 
remembered that NO and O2 are also paramagnetic and may 
influence the line width of surface species. Other reasons for 
broad lines are also suggested but are likely less important: High 
levels of structural distortions of the oxidovanadium(IV) sites and 
vibrationally active OH– or H2O groups coordinated to VO2+.  The 
local coordination environment of the vanadium sites giving sharp 
lines (B and C) and the ones giving broad lines (A) are not 
suggested to be much different; all are suggested to be roughly 
tetragonal with the oxido group in the apical position – only the 
magnetic coupling pattern is different leading to broader EPR 
lines for the A sites. 
Using the additivity principle[44] for the magnitude of the hyperfine 
coupling in tetragonal oxidovanadium(IV) compounds, B is 
suggested to be magnetically and structurally isolated 5- or 6-
coordinate surface oxidovanadium(IV) species and C is 
suggested to be magnetically isolated oxidovanadium(IV) species 
in less hydrolyzed but still 5- or 6-coordinate sites. The 
assignment of EPR signals to particular sites are still under 
discussion.[10,22] When structurally polymeric surface layers are 
formed at higher vanadia or combined vanadia/tungsta loadings 
the amount of species C becomes insignificant.  
The content of reduced vanadium species under operando SCR 
is high for samples with high V content and/or containing WO3, 
and lower for the V3W0 sample. Thus, we conclude that the WO3 
promoter enhances the overall reducibility of the catalyst, so that 
a good reducibility - and thereby activity of the catalyst - can be 
obtained even at low V content. 

Experimental Section 

Catalyst materials: Fiberglass plates wash coated with TiO2 (anatase) 
were calcined at 500 °C and then impregnated with 
oxidovanadium(IV)oxalate, VO(C2O4)⋅xH2O and ammonium 
metatungstate, (NH4)H2W12O40⋅xH2O (both from Sigma-Aldrich). After 
drying they were again calcined in air at 400 °C. The plates were broken 
up, separated roughly from the fibers and fractioned to particle sizes 
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between 150 and 300 µm. The sieve fraction and flow rate was chosen 
relative to the reactor dimension such that a plug flow was obtained. The 
materials are highly active in the SCR reaction and are made in the same 
way as reported in a number of publications since [7]. 

4 samples were tested; V3W3, V3W0, V6W3 and V6W0, where the 
numbers refer to the approximate content of V2O5 and WO3 in the sample 
in wt %. The exact content of V and W in the final fractioned material was 
determined by inductively coupled plasma atomic emission spectroscopy 
(ICP-OES) using a Perkin Elmer Optima 7300 DV.  

Raman spectra were obtained on sieved fractions (150–300 μm) of 
pelletized (around 0.5 tons/cm) samples placed in a Linkam CCR1000 in-
situ reactor in air flow and at 250 °C. The spectra were recorded on a 
Horiba-Jobin Yvon LabRam HR equipped with a 488 nm (visible blue line) 
laser. A confocal microscope (10x) was used to focus the laser on the 
sample. The Raman spectra show no sign of the presence of crystalline 
V2O5 or WO3 phases in any samples, confirming an efficient dispersion of 
both vanadium and tungsten on the anatase support.  FTIR spectra were 
recorded on a Bio-Rad FTS575C. 100 g of sample was sieved and pressed 
to create a self-supporting wafer which was heated to 400 °C in 15% O2/Ar 
air flow for 14 h and then cooled and evacuated before recording the 
spectra. BET surface area was measured by N2 adsorption in a 
Micromeritics ASAP2000. 

In-situ EPR: The in-situ EPR set-up consists of two independent flow 
systems with Brooks mass flow controllers connected to a four-way valve 
controlling the flow to a quartz reactor positioned in the cavity of a Bruker 
X-band EMX EPR spectrometer equipped with a ST4102 cavity. The 
frequency was close to 9.4 GHz, modulation amplitude 100 kHz, 
microwave power 6.5 mW and time constant 10.24 ms, the field was varied 
between 240 and 460 mT. The EPR spectrometer was connected to a 
Bruker variable temperature unit capable of heating the sample tube to 
250°C using a flow of air. The exhaust gas was connected to a Thermo 
17C NH3 converter and analyzer for operando measurements. A simplified 
sketch is seen in Figure 11.  

 
Figure 11: Simplified illustration of the operando EPR setup 

A known amount of sample (15 – 30 mg) was immobilized between two 
quartz wool plugs in a simple quartz tube reactor with outer diameter of 5 
mm and inner diameter of 3 mm. The total gas flow through the sample 
was kept at 200 NmL/min for all experiments. The packed sample was 
tested for pressure drop. The EPR signal of the as-prepared sample was 
recorded at room temperature and simulated to obtain the I(Tstart) intensity 
needed for the quantitative determination throughout the experiment. The 
spectra and their simulations are found in Figure S13. The sample was 
then heated to 250 °C under an O2/He flow (20 % O2) and was kept there 
for at least 30 minutes to ensure complete oxidation. The EPR spectrum 

of the fully oxidized sample (collected as an average of 10 individual 
spectra) was subtracted from all following spectra. The small remnant 
spectrum of unreactive V(IV) and impurity signals from the support were 
negligible in good correspondence with a complete oxidation of the catalyst. 
This procedure was found to improve the baseline, which is important for 
quantitative determination of EPR signal. The subtracted spectra are 
shown in Figure S6. Several series of experiments were performed on the 
oxygen activated samples. The EPR spectra were measured continuously 
during the duration of the measurement with a resolution of 1024 points 
and a measurement time of about 15 seconds per field sweep. The 
intensity of the EPR spectra for all experiments was obtained by double 
integration of the measured first-derivative background-corrected EPR 
signal over the measured field range (See SI for further details on data and 
calculations). All double integrated spectra were examined to assure their 
shape followed a sigmoid curve and background corrections were applied 
when necessary. The amount of V(IV) relative to the total amount of 
vanadium Vtotal (Table 1) was calculated throughout the experiments using 
the equation below. The EPR signal intensity of the fresh catalyst material, 
Istart and the amount of EPR active V(IV) in the fresh catalyst, V(IV)(fresh) 
determined during the quantification, goes into the equation along with the 
temperature throughout the experiment, T.[13]  

V(IV)
V𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

=
𝐼𝐼(𝑇𝑇)
𝐼𝐼𝑠𝑠𝑡𝑡𝑡𝑡𝑠𝑠𝑡𝑡

∙
𝑇𝑇

𝑇𝑇𝑠𝑠𝑡𝑡𝑡𝑡𝑠𝑠𝑡𝑡
∙

V(IV)(𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓ℎ)
V𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

 

All four samples have been treated exactly the same way and conclusions 
based upon comparisons between the developments in the intensity of the 
EPR spectra of the samples have high confidence. 

NO+NH3/operando SCR cycle experiments: One flow contained a 
standard SCR feed of 5 % O2, 500 ppm NO, 500 ppm NH3 and balance 
He. The other flow contained NO + NH3 in the same concentrations but did 
not contain O2. The gasses did not contain added water. The gas flows 
were switched close to the sample by turning the 4-way valve 
approximately every 10 minutes for about 2 hours at 250 °C. Subsequently, 
the flow was switched to pure O2 while the temperature was changed to a 
lower value. The full switching experiments were also performed at 200 
°C; operando SCR was maintained for 20 minutes at 225 °C between the 
two full experiments and at 175 and 150 °C after the last full experiment. 
The exit gas composition was measured by a Thermo 17C NH3 analyzer 
during the full experiment, which took around 9 h in total. 

NO+NH3/NO+O2 cycle experiments: One flow contained NO + NH3 each 
at 1000 ppm and balance He, the other contained NO + O2 at 1000 ppm 
and 5 %, respectively and balance He. The flow was switched every 10 
minutes for a few cycles at 250 °C. 

Quantification experiments: A series of standard samples of VOSO4⋅3H2O 
(Sigma-Aldrich) in a solid solution of K2SO4 were measured at room 
temperature (RT) in standard 4 mm suprasil quartz EPR tubes. Identical 
amounts of all 4 catalyst samples in Table 1 were measured under 
completely identical settings and tube positions. The experiment was 
performed three times, giving the amount of EPR active V(IV) in the fresh 
catalyst, V(IV)(fresh). The results are given in Figure S14-S15 and Table 
S3, where a more detailed description of the quantification procedure also 
can be found.  

For the operando experiments, the entire catalyst bed was monitored with 
EPR while exposed to different gas mixtures. The catalyst was mounted in 
a plug flow reactor with a well-defined particle size. The reactor and flow 
were dimensioned in order to keep the conversion of NO well below 85 % 
when running operando SCR and these conditions were then kept 
constant for all experiments. Care was taken to not run too close to full 
conversion since otherwise part of the catalyst bed could be in an inactive 
resting state which could dominate the measured spectra. The term 
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operando will only be used when the measurement of the exhaust gas 
shows that NO and NH3 are being consumed. 

EPR spectra were simulated using the software package Easyspin.[51] The 
parameters fitted for each species are axial g-values: g⊥, g, hyperfine 
coupling constants A⊥, A and line width parameters in the standard axial 
spin Hamiltonian (S = 1/2) under the assumption of Lorentzian line shapes. 
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By alternating between operando 
selective catalytic reduction (SCR) of 
NO with NH3 conditions and NO + 
NH3 flow, electron paramagnetic 
resonance (EPR) spectroscopy 
absorption spectra reveal the 
presence of significant amounts of 
oxidovanadium(IV), VO2+ under 
operando SCR of V2O5/TiO2 and 
V2O5/WO3/TiO2 catalysts.  
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