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Elucidating the Role of the State of Pd in the H2-SCR of NOx by 
Operando XANES and DRIFTS
Thomas J. Eldridgea,b,*, Michael Borchersb, Patrick Lottb, Jan-Dierk Grunwaldta,b, Dmitry E. 
Doronkina,b,*

The selective catalytic reduction (SCR) of NOx with hydrogen is an attractive strategy for NOx removal when H2 is used as a 
sustainable fuel in combustion engines. However, the pathway suffers from a strong overconsumption of H2 via direct 
oxidation to water. In order to improve the understanding of the SCR mechanism with H2 as the reductant, the state of the 
active metal, the reactive surface intermediates, and the conditions which are suited for efficient SCR need to be uncovered. 
A 1%Pd/5%V2O5/20%TiO2-Al2O3 catalyst was investigated using operando X-ray absorption spectroscopy (XAS) and diffuse 
reflectance infrared Fourier-transform spectroscopy (DRIFTS) to track the temperature dependent stucture and state of Pd, 
as well as its gradients and surface intermediates. XAS shows that NO reduces oxidized Pd, forming metal-support interfacial 
nitrates according to DRIFTS. Partially reduced Pd becomes oxidized by reducing interfacial NOx species to Pd-nitrosyls. 
Limitations for the H2-SCR of NOx arise from the balance of adsorbed Pd-NO and activated H2, which is dependent on Pd 
state. The bulk metallic Pd which forms above 250 °C causes a runaway activation of H2, further reduction of Pd, and loss of 
nitrosyls on Pd. The highest activity occurs when Pd is oxidized enough to promote metal-support interfacial nitrates and 
also reduced enough to convert these nitrates to Pd-nitrosyls. The storage of NOx and formation of NHx on vanadia-titania 
permits conversion of NO at high temperatures, but does not counteract the deactivation of Pd. In conclusion, activation of 
H2 is favored on metallic sites, but must be moderated to allow for PdO being present as well.

Introduction
In the course for reducing carbon-based engine-out 

emissions and because of its potential future production from 
sustainable sources,1, 2 hydrogen has been investigated as an 
attractive alternative to diesel in thermal combustion engines. 
Apart from being a potential sustainable energy carrier, the 
primary motivation for using H2 is the avoidance of carbon and 
particulate matter (PM) emissions in the exhaust. However, 
under the high temperatures of H2 combustion, N2 oxidation by 
O2 from air leads to NOx as a pollutant in the 1000 ppm range. 
While these NOx emissions can be mitigated by optimal air-to-
fuel ratios and engine control methods,3-5 H2 thermal 
combustion engines have a higher NOx emission potential 
relative to traditional fuels.6

In order to meet NOx emission guidelines, an emission-out 
catalyst for the selective catalytic reduction (SCR) of NOx is 
necessary. At present, SCR of NOx is largely executed using NH3 
as the reductant.7-13 However, due to the direct availability from 
the fuel tank, H2 has been investigated as an alternative SCR 
agent.

Current catalysts for SCR of NOx by H2 show higher levels of 
NOx conversion, relative to NH3 as the reducing agent, at lower 
temperatures.14, 15 However, the primary challenge of H2-SCR is 
combatting the competitive direct oxidation of H2 to H2O, which 
becomes the favored reaction pathway at high temperatures. 
Further complications include several reactions simultaneously 
occurring over the catalyst bed, including NH3 formation and 
subsequent NH3-SCR, leading to gradients in reaction product 
concentrations and in catalyst structure.16, 17 

Supported noble metal catalysts, with favor towards Pt18-23 
and Pd24-29, are most widely investigated for H2-SCR. Pt and Pd 
present different benefits and challenges relative to other noble 
metals: where Pt shows substantially higher NOx conversion but 
lower selectivity for N2 with respect to N2O, and where Pd has 
high selectivity for N2 but lower overall catalytic activity.15

There are several primary groups of catalyst supports that 
have been studied in H2-SCR: (1) TiO2,28-32 often combined with 
V2O5,26, 27, 33, 34 (2) WO3/ZrO2,35-38 and (3) MgO-CeO2,19-21 and (4) 
zeolites, alone or in combination with other supports.39-43 H2-
SCR catalysts with low noble metal loadings (< 1 wt. %) of Pt or 
Pd on WO3/ZrO2 or MgO-CeO2 have shown wide temperature 
ranges (100 to 400 °C) of NOx conversion with high (> 80%) 
selectivity for N2. However, they have not been studied as 
extensively as catalysts supported on TiO2. Pd on TiO2-Al2O3 is 
notable for converting NOx over a wide temperatures range 
from 100 to 350 °C, but with a significant drop in activity at 200 
°C.26, 30 This phenomenon was explained by NO reduction to N2, 
occurring from 100 to 200 °C, NO oxidation to NO2, occurring 
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from 200 to 400 °C, and NO2 reduction to N2 at 100 to 400 °C. 
The addition of V2O5 to Pd/TiO2-Al2O3 followed a study with 
Pd/V2O5/Al2O3 which showed high levels of NO reduction to N2 
in the narrow range of 200 to 300 °C,33 which well counteracted 
the observed activity decrease on Pd/TiO2-Al2O3.26

In order to better understand the reactive conditions of 
Pd/V2O5/TiO2-Al2O3 for H2-SCR of NOx, a study was performed 
using a honeycomb monolith and a variety of concentrations of 
NO, H2, and O2.34 It was shown that the H2 reaction pathway 
plays a significant role, where NO reduction to N2 occurred 
more readily when either H2 amounts were increased or O2 
concentration decreased, as O2 competes with NO for reaction 
with H2. Additionally, the catalyst state (e.g. Pd 
oxidized/reduced, Pd particles or clusters) was shown to play a 
significant role in SCR activity, as the pre-reduced catalyst 
showed significantly higher activity and N2 selectivity at 
temperatures below 200 °C.

In order to gain further insight into the surface reactions and 
the mechanism, ex-situ characterization and catalytic activity 
studies, which use outlet gas beyond the catalyst, are not 
sufficient for observing what occurs within the black-box 
catalyst. For this purpose, operando and in-situ characterization 
is need to unravel the species and structure of the catalyst as a 
function of time and space while the reaction is ongoing.44 
Spectroscopic techniques, such as X-ray absorption 
spectroscopy (XAS) and diffuse reflectance infrared Fourier-
transformed spectroscopy (DRIFTS) are able to measure the 
bulk and surface state of catalysts during steady-state and 
transient chemical reactions. These techniques also enable the 
measurement of spatial gradients in surface species 
concentration and catalyst state45-47 and are thus applied during 
H2-SCR in this study. Herewith, the present work aims at linking 
the oxidation state of Pd to the catalytic hydrogen combustion 
and selective catalytic reduction of NOx by H2 under dynamic 
reaction conditions. Both operando spatially and time-resolved 
XAS and operando DRIFTS measurements were conducted on a 
1%Pd/V2O5/TiO2-Al2O3 catalyst.

Experimental
A 1%Pd/5%V2O5/20%TiO2-Al2O3 catalyst was prepared via 

the following steps: γ-Al2O3 (Puralox, Sasol) was calcined in air 
for 5 h at 700 °C and suspended in a solution of Ti(OBu)4 (Merck) 
and EtOH (≥99.8%, VWR Chemicals); Ti(OBu)4 was hydrolyzed by 
dropwise addition of deionized water to the suspension and 
rigorous stirring. The received TiO2-Al2O3 solid was dried for 2 h 
at 70 °C and calcined in air for 6 h at 500 °C. V2O5 was added to 
the 20 wt. % TiO2-Al2O3 support via incipient wetness 
impregnation (IWI) using a NH4VO3 (Alfa Aesar) solution with 
aqueous oxalic acid (Merck) and subsequent drying for 1 h at 70 
°C and calcination in air for 12 h at 500 °C. Pd was added in a 
second IWI using an aqueous Pd(NH3)4(NO3)2-solution (abcr) 
and calcination of the received catalyst powder for 16 h at 500 
°C. Inductively coupled plasma optical emission spectroscopy 
(ICP-OES) confirmed the target elemental composition of the 
catalyst.

N2-physisorption of the catalyst powder was measured 
using a BELSORP-mini II instrument (BEL Japan) with 
pretreatment under vacuum at 300 °C for 2 h. Analysis of the 
adsorption–desorption curve by the Brunauer–Emmett–Teller 
(BET) method yielded the specific surface area and total pore 
volume of the catalyst.

X-ray diffraction (XRD) patterns were acquired with an 
X’PERT PRO diffractometer (PANalytical) using a Cu-Kα radiation 
source with a wavelength of 1.54 Å (2θ from 20 to 80°, step size 
of 0.017°, acquisition time of 0.44 s per data point).

Temperature-programmed reduction by hydrogen (H2-TPR) 
was performed from 40 to 600 °C at 10 K min-1 in a 50 mL min–1 
flow of 10% H2 in Ar using an AutoChem II Chemisorption 
Analyzer (Micromeritics). A thermal conductivity detector (TCD) 
measured H2 consumption. Prior to H2-TPR, the sample was 
pretreated by heating with a temperature ramp of 10 K min-1 up 
to 500 °C under 20% O2 in N2.

Operando X-ray absorption spectroscopy (XAS) 
measurements were obtained at the PETRA III P64 beamline48 
at DESY (Hamburg, Germany). Catalyst powder was pressed and 
sieved to 125-250 μm grains to minimize mass transport 
limitations. The sieved fraction was placed between two quartz 
wool plugs in a fixed-bed quartz capillary serving as plug-flow 
microreactor.49 The microreactor was heated by a hot air gas 
blower (Leister LE mini kit). Using capillary microreactors of 2 
mm outer diameter and 0.02 mm wall thickness loaded with 
12.5 mg of the granulated catalyst for a bed length of 4.1 mm, 
NO conversion was measured by a mass spectrometer (MS, 
Hiden ExQ) at the outlet, while simultaneously recording time-
resolved X-ray absorption near edge structure (XANES) spectra 
at different positions along the catalyst bed, under a 50 mL/min 
flow (GHSV 60,000 h-1) of 1000 ppm NO, 5000 ppm H2, and 10% 
O2 (He balance) in different gas combinations, following the 
sequential order as shown in Table 1; between each gas 
mixture, the setup pipes and the reactor itself were flushed with 
He. The sample was oxidized in 10% O2 at 500 °C prior to TPR. A 
single light-off-light-out cycle from 25 to 350 °C at 2 K/min was 
performed for each gas mixture during continuous XANES 
measurements.

Table 1. Volumetric inlet gas compositions for the 
XANES/DRIFTS catalytic activity measurements (He/Ar balance), 
provided in the order (top-to-bottom) introduced to the 
Pd/V2O5/TiO2-Al2O3 catalyst.

Gas Mix NO (ppm) H2 (ppm) O2 (%)
TPO 0 0 10
NOA 1000 0 10
SCR 1000 5000 10
MixA 0 5000 10
NOB 1000 0 0
MixB 1000 5000 0
TPR 0 5000 0
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Due to time limitations at the XAS beamline, only two-point 
calibrations (zero gas and educts at zero conversion) of MS 
instrumentation were possible and allowed for only qualitative 
and semi-quantitative analysis. Additionally, small quantities 
(i.e. < 100 ppm) of nitrogen species such as NH3, N2, N2O, and 
NO2 measured at m/z values of 15, 28, 44, and 46 were 
particularly difficult to detect by MS and did not produce 
enough counts for robust quantitative analysis.

Quick extended X-ray absorption fine structure (QEXAFS) 
spectra50 were obtained with a monochromator frequency of 1 
Hz, resulting in 2 spectra per second. The polychromatic X-ray 
beam from the tapered undulator was tuned to the Pd K edge 
by a liquid nitrogen cooled Si(111) channel-cut crystal 
monochromator. With a beam size of 1.0 mm (horizontal) x 1.0 
mm (vertical), 4 points along the catalyst bed were measured. 
For the spatially resolved XANES evaluation, the positions were 
continuously cycled during light-off and the constantly running 
QEXAFS measurements, holding at each position for 30 
seconds; timestamps were recorded before and after each 
movement of the reactor to isolate and average spectra 
obtained at each position in order to improve the signal quality. 
Pd foil measured simultaneously with the catalyst served as the 
reference.

For evaluation of the XANES spectra, the QEXAFS data were 
read-in, split, and exported as text files using the JAQ Analyzes 
QEXAFS software (version 5.3).48 Using a Python (version 3.10) 
script empowered by the Larch (version 0.9.65) package,51 
XANES spectra were calibrated for energy, sorted and averaged 
by position, and correlated with light-off temperature values. 
Normalization of spectra and subsequent linear combination 
analysis (LCA) were performed using the Athena software from 
the Demeter software package (version 0.9.26),52 across an 
energy range from 24340 to 24400 eV, using the as-prepared 
Pd/V2O5/TiO2-Al2O3 catalyst in oxygen and H2 after 
temperature-programmed oxidation and reduction at 350 °C, 
respectively, as references.

DRIFTS spectra were obtained using a Vertex 70 
spectrometer (Bruker) equipped with a Praying Mantis mirror 
assembly (Harrick) and a liquid nitrogen cooled mercury 
cadmium telluride (MCT) detector with a resolution of 4 cm-1. A 
Praying Mantis high temperature reaction chamber (Harrick) 
with flat CaF2 windows was loaded with 24.5 mg granulated 
catalyst (125 - 250 μm). Steady-state DRIFTS spectra were 
recorded as an average of 300 scans at 40 kHz at 25 °C intervals 
from 50 to 325 °C, approximating a single light-off-light-out 
cycle, with a flow of 50 ml/min (GHSV 30,000 h-1) using the same 
pretreatment, gas mixtures, and sequence as with the XAS 
measurements and as described in Table 1, but using argon 
instead of helium for balance. Background reference 
interferograms were collected at each temperature once during 
cooling down after the initial oxidation pretreatment (10% O2, 
325 °C, 30 min). For DRIFTS quantitative analysis and 
comparison, the baseline of the pseudo-absorbance spectra 
was zeroed and flattened using a piecewise cubic Hermite 
interpolating polynomial (PCHIP) function.

Results and discussion
Characterization and Catalytic Activity of Pd/V2O5/TiO2-Al2O3

The characterization data, light-off conversion profiles, 
product selectivity, and reaction pathway selectivity for this 
catalyst have previously been reported in great detail on the 
same catalyst coated on a honeycomb.34 Hence, the results 
reported herein are discussed with respect to the outlet mass 
spectrometer measurements for the purpose of relating data 
from the XAS and DRIFTS measurements to the activity profile 
in the specific operando measurements. Figures 1a and 1b show 
the light-off curves for NO reduction in the presence of H2 and 
the H2-SCR of NO, respectively.

The atypical light-off observed in Figure 1a is due to the 
absence of O2, matching well with the honeycomb study which 
showed that the NO conversion curve broadens and shifts to 
lower temperatures when the ratio of O2 to H2 is lowered. Over-
stoichiometric conversion of H2 and the gradual increase in H2O 
MS intensity in the absence of NO during NO reduction by H2, 
as shown in Figure 1a, is due to the broad reduction area from 
200 to 600 °C previously shown34 by H2-TPR for this catalyst. The 
change in the MS zero line for N2O suggests conversion of trace 
N2O impurities present in the NO gas cylinder available at the 
synchrotron.

Due to inherent differences between testing monolith and 
powder catalysts, under identical SCR gas conditions, the 
powder catalyst of this study underwent light-off for NO and H2 
conversion at higher temperatures relative to the monolith 
catalyst (cf. Figure 1b); however, it is possible to correlate 
changes in the Pd state and surface species with the light-off 
and relate these data to the previously reported honeycomb 
catalyst study. This will be discussed in more detail below in 
combination with DRIFTS and XAS analysis below.

With exception to N2O in Figure 1a, nitrogen species 
products formed in amounts below the detection limit of the 
MS instrumentation; however, product selectivity under these 
gas conditions has been previously reported34 and is out of the 
scope of this study. MS data measured during other gas 
conditions are shown in Figure S1. The relatively low O2 
conversion in Figure 1b is due to the stoichiometric excess of O2 
used; Figure S2 shows the absolute concentrations of H2, NO, 
and O2. From these data, a slight delay between the onset of 
SCR activity at 200 °C and increased O2 conversion at 230 °C was 
observed, at which point the conversion of NO stagnated. This 
matches well with previous findings with the honeycomb 
catalyst where it was concluded that the direct oxidation of H2 
predominantly opposes H2-SCR activity at elevated 
temperatures. 

Operando XANES Measurements

In order to elucidate the dynamic changes in the Pd 
oxidation state during H2-SCR over the 1%Pd/5%V2O5/20%TiO2-
Al2O3 catalyst, QEXAFS measurements were performed with 
different gas mixtures. The resulting XANES spectra were 
quantified by LCA using corresponding reference spectra. 
Reference spectra for metallic/reduced Pd and oxidized Pd were 
obtained from 5000 ppm H2 in argon (TPR) and 10% O2 in argon 
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(TPO) measurements, as shown in the ESI by Figure S3; LCA fits 
for these spectra were done using Pd foil and PdO references to 
confirm the catalyst had fully reduced and oxidized during TPR 
and TPO, respectively. Further analysis of the extended X-ray 
absorption fine structure (EXAFS) of the fully reduced Pd yielded 

an average Pd coordination number of 8.1 (cf. Table S1), 
corresponding to nanoparticles of approximately 1 nm in 
diameter assuming a fcc full truncated cubooctahedral 
particle.53

Sample XANES spectra for the H2-SCR (1000 ppm NO, 5000 

Fig. 1 Light off curves on 1%Pd/5%V2O5/20%TiO2-Al2O3 (heating ramp of 2 K/min, 50 mL/min / GHSV 60,000 h-1) 
during conversion of H2, NO, and O2 to H2O, N2, and N2O (MS intensities at m/z = 2, 30, and 32 and 18, 28, and 44, 
respectively) in (a) 1000 ppm NO, 5000 ppm H2 in He and (b) 1000 ppm NO, 5000 ppm H2, and 10% O2 in He (SCR); 
the dots are experimental data and the solid lines are locally weighted scatterplot smoothing (LOWESS) regressions; 
(c, d)

Fig. 2 Temperature dependent XANES spectra at the Pd K-edge for the 1%Pd/5%V2O5/20%TiO2-Al2O3 catalyst during 
the (a) 1000 ppm NO, 5000 ppm H2, and 10% O2 in Ar (H2-SCR) and (b) 1000 ppm NO and 5000 ppm H2 in Ar.
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ppm H2, and 10% O2 in argon) and NO reduction (1000 ppm NO 
and 5000 ppm H2 in argon) gas conditions along with metallic 
Pd and PdO reference spectra are shown in Figure 2. The LCA 
fits to these spectra are shown in Figures 1c and 1d for the SCR 
and NO reduction conditions, respectively, showing space-
resolved dynamic changes in the average oxidation state of Pd.

In the SCR reaction mixture, Pd is mostly in the oxidized 
state (Figure 1d), gradually reducing with increasing 
temperature from 50 to 200 °C, with the beginning of the 
catalyst bed more reduced than the end. At the onset of SCR 
activity at 200 °C, the catalyst front oxidizes slightly, matching 
the conversion curve of NO shown in Figure 1b. A local maxima 
of oxidation was reached at 250 °C, correlating with the 
maximum NO conversion. The subsequence Pd reduction 
matches the decrease in NO conversion from 250 to 300 °C. 
Spatially, the front of the catalyst bed reduces more from 50 to 
200 °C and the end is generally more oxidized before the onset 
of SCR activity at 200 °C. From 200 to 300 °C, an inversion occurs 
such that the end of the catalyst bed is more reduced than the 
front. In the absence of DRIFTS data, the increase in Pd 
oxidation state during NO conversion suggests that Pd assists H2 
in the reduction of adsorbed NO species leading to the 
formation of N2O or N2. When considering the competing 
oxidation and reduction of Pd by O2 and H2, respectively, the 
alternate explanation for the oxidation of Pd from 200 to 250 °C 
is the loss of H2 due to conversion during the H2-SCR reaction. 
However, this is not likely to be the case. The substantial 
reduction of Pd above 250 °C, which was not observed with the 
NO + O2 and H2 + O2 gas conditions (cf. Figure S3), indicates that 
H2 and NHx continue to reduce Pd even when participating in 
separate reactions. While the oxidation of Pd by O2 is sufficient 
to counteract PdO reduction by H2, reduced NHx species limit 
the reoxidation of Pd by O2. The role of NO in the oxidation of 
Pd will be discussed in further detail in the DRIFTS analysis 
below. 

For the NO reduction condition (without O2), at lower 
temperatures (50 to 150 °C) Pd is slightly reduced yet mostly 
oxidized with an average oxidation state of ~1.6 (Figure 1c), with 
the end of the catalyst more reduced than the front. Pd 
gradually reduces in the presence of NO and H2 until 168 °C 
where all positions rapidly reduce to Pd0, with a temperature-
dependent delay (ΔT) of 5 and 32 °C towards the end of the 
catalyst bed at positions 3 and 4, respectively. The onset of NO 
conversion occurs at 150 °C (before the rapid reduction in Pd, 
cf. MS data shown in Figure 1a). Instead of correlating directly 
with NO reduction, the Pd oxidation state profile matches the 
diminishing production of N2O. This suggests that H2 partially 
reduces NO to N2O in the process of reducing Pd, either directly 
or via an intermediate. The space-resolved average oxidation 
states of Pd according to LCA fits for gas conditions of 1000 ppm 
NO in argon and 1000 ppm NO and 10% O2 in argon can be 
found in in the supplementary information (Figure S3).

As XAS is a bulk sensitive technique, detailed mechanisms 
cannot be drawn solely from these data. In order to 
complement these measurements and provide a more 
complete insight into the mechanism under these dynamic 

conditions, the role of surface intermediates has been 
investigated in more detail by DRIFTS.

Operando DRIFTS Measurements

Adsorption of NO. In order to identify the adsorbed NO 
species in the absence of any other reactive gases, DRIFTS 
measurements under a flow of NO and argon were performed 
(the uncorrected spectra are given in Figure S4). Several bands 
were found (summary given in Figure 3), with high frequency 
species at 3777, 3733, 3691, and 3658 cm-1, a broad water peak 
between 2500 and 3500 cm-1, middle frequency bands at 2181, 
2111, 2047, 1868, 1820, 1813, 1776, and 1745 cm-1, and lower 
frequency bands at 1680, 1647, 1620, 1581, 1545, 1488, 1310, 
and 1270 cm-1.

The negative bands between 3500 and 3800 cm-1 are 
assigned to OH-species, ν(OH),54-56 with the 3733 and 3691 cm-

1 bands associated with a loss of Ti4+-OH and the 3658 cm-1 band 
with a loss of V-OH species. The bands associated with Ti-OH are 
more intense than those for V-OH. These bands become less 
intense at higher temperature, following the gradual 
disappearance of the broad water peak. The negative band at 
2047 cm-1 is associated with 2ν(V=O) overtones and a loss of V5+ 
species within the catalyst.56, 57

Bands at 2181 and 2111 cm-1 have generally been assigned 
to NO+ on TiO2 catalysts and linked to NO adsorption on 
Brønsted acid sites as a replacement of H+ in OH species.58, 59 
These bands are very weak relative to other bands (Figure 4a) 
but are present in the greatest amount at temperatures where 
nitrates are more prevalent than Pd-adsorbed nitrosyls (Pd-
NO), as described below. They are indicative of an oxidizing 
environment for NO. The band at 2181 cm-1 increases in 
intensity up to 175 °C before decreasing and disappearing by 
250 °C, whereas the 2111 cm-1 band is most pronounced at 50 
°C and vanishes above 175 °C. Both peaks redshift with 
increasing temperature, suggesting slight relaxation of the N-O 
bonds due to reduced constraints localized around the surface 
binding site.

The bands between 1725 and 1900 cm-1 are associated with 
linearly adsorbed NO on Pd and V, which have been previously 
reported at 1890 (V4+ (NO)2, νs(NO)60 and Pd2+ (NO)2, νs(NO)61), 
1828 (V3+ (NO)2, νs(NO)),56 1830 (Pd2+, ν(N=O)),59 1776 (V4+ 
(NO)2, νas(NO)62 and Pd+, ν(NO)55), and 1745 cm-1 (V4+ (NO)2, 
νas(NO)56 and Pd0, ν(NO)55). While there is potential overlap 
between Pd-NO and V-NO species, IR bands of nitrosyls are only 
seen on vanadium at or above ambient temperatures after 
substantial reduction of the catalyst.56 A previous DRIFTS study 
by Macleod et al. on V2O5/Al2O3 with and without Pd concluded 
that V3+ and V4+ centers do not form under H2-SCR conditions 
(4000 ppm H2, 500 ppm NO, 5% O2), while also measuring a 
negative V5+ band at 2047 cm-1.33 Likewise, only nitrosyl bands 
for the Pd loaded catalyst were observed, and hence the bands 
at 1819 and 1788 cm-1 were assigned to Pd+-NO. Considering 
these findings, it is reasonable to conclude that the bands 
between 1725 and 1900 cm-1 in the current study are 
predominantly due to NO species adsorbed on Pd.
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In the case of the measurements reported herein, at low 
temperatures for the adsorption of NO on Pd, the peak at 1813 
cm-1 (Pdn+, Pd2+(OH)NO, ν(NO))63 is the predominant band. The 
blueshift of this peak to 1820 cm-1, which occurred with 
increasing temperature, may be due to overlap among a 
combination of lesser bands at 1830 and 1828 cm-1 with the 
1813 cm-1 band, suggesting a greater prevalence of Pd2+. This 

corresponds to the slight oxidizing effect of NO on Pd when Pd 
is sufficiently reduced as seen by XAS (cf. Figure S2e). However, 
the dominance and symmetry of the 1820 cm-1 band above 150 
°C makes it difficult to assign direct contribution of additional 
nitrosyl states under these conditions. At lower temperatures 
from 100 to 150 °C, weaker bands at 1745, 1776, and 1868 cm-

1 may contribute asymmetry to the 1813 cm-1 band, as they are 
significant features observed under other gas conditions 
discussed in later sections below, but are not significant 
features during NO adsorption on this catalyst. At 
approximately 250 °C, the band intensity of Pd-NO moieties 
begins to decrease sharply. At these high temperatures, 
according to previous temperature programmed desorption 
(TPD) measurements of NO on Pd,64 the rate of desorption of 
NO from Pd limits the presence of adsorbed nitrosyl species.

The negative band area at 2047 cm-1 decreases in unison 
with the shrinking of negative OH bands (3500-3800 cm-1) and 
of low frequency bands from 1200 to 1650 cm-1, which are 
assigned to different nitrate species (ν3(NO3)). The bands at 
1647 and 1620, 1581 and 1545, and 1310 and 1270 cm-1 
correspond to bridging nitrates, bidentate nitrates, and 
monodentate nitrates, respectively. 55-58, 65, 66 Bands around 
1680 cm-1 are not well established in the literature, but evolve 
in parallel with bridge nitrates, suggesting they are an additional 
bridging species (e.g. metal-support bridging nitrates). 
Additional smaller peaks near 1200 cm-1 may contribute to the 
broad band from 1350 to 1200 cm-1 due to v3 splitting of the 
bridge (Δv3 ~ 420 cm-1) and bidentate (Δv3 ~ 300 cm-1) species. 
The band at 1488 cm-1 has been previously seen in the 
literature, but doesn’t have a clear assignment;61, 66 it can be a 
chelating nitrate or hydrogenated NO species such as NH2NO, 
but unlikely to be ammonia species due to the lack of more 
intense bands at 1434 cm-1.

On TiO2 and V2O5 supports, it is generally understood that 
nitrates form via surface hydroxides and are the primary 
contributors towards the negative bands at 3500 to 3800 and 
2047 cm-1,57, 58, 65 following the reaction,

2Ti-OH + 2NO + 2[O] → Ti-O-NO2 + Ti-O-NO + H2O(Eqn. 1)
where [O] is surface oxygen, of which vanadium is a source. 
These previous reports are further substantiated by the band 
intensities of nitrates decreasing and approaching zero in 
concert with the those of OH and V5+=O with increasing 
temperature (Figure 4a). Among all the nitrate species, the 
bidentate nitrates at 1581 and 1545 cm-1 are the most stable 
and are still present in small amounts at 300 °C. The conditions 
under which nitrates are stable appear to be opposite for 
nitrosyl adsorption on Pd, as the bands between 1725 and 1900 
cm-1 remained relatively weak until the nitrate bands 
diminished at 175 °C. At the point when nitrate bands become 
less intense than Pd-NO nitrosyls, Pd begins to reduce NOx 
species, supported by the disappearance of NO+ bands and the 
gradual increase in Pd oxidation state as measured by XAS (cf. 
Figure S3e). Here it can be inferred that at lower temperatures, 
NOx is more easily oxidized by the support and PdO, leading to 
more oxidized nitrogen species. As temperature increases, 
nitrates at the metal-support interface become reduced by Pd 

Fig. 3 Temperature dependent DRIFTS spectra of the 
1%Pd/5%V2O5/20%TiO2-Al2O3 catalyst under a flow of 
1000 ppm NO in Ar, shown at (a) high wavenumbers for 
OH (negative) and water bands, (b) middle wavenumbers 
for NO+, V=O (negative), and Pd-NO bands, and (c) low 
wavenumbers for support nitrate and nitrite bands.
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and form Pdn+-NO nitrosyl species. These findings are observed 
to a greater extent with other gas conditions below.

Co-adsorption of NO and O2. Introduction of O2 into the gas 
feed largely leaves the NO adsorption spectra unchanged 
(Figure 5), with mostly changes in band intensity; the chemistry 
corresponding with OH bands, V5+ and NO+ bands, and nitrate 
bands largely remain the same as with the NO condition. The 
addition of O2 only leads to increased nitrate presence by 
oxidizing NO and makes the 1620 cm-1 bands more stable at 
higher temperatures as shown in Figure 5b. The 1488 cm-1 band 
disappears and the 1310 cm-1 band redshifts to 1290 cm-1 as a 
lower frequency monodentate nitrate. Bidentate nitrates 
remain the most stable nitrate species and are the only nitrates 
remaining above 250 °C.

The most significant changes can be seen in the nitrosyl 
bands from 1725 to 1900 cm-1, where the main similarity 
between the NO and NO + O2 conditions is the desorption of NO 
from Pd above 250 °C. In the co-adsorption of NO and O2, the 
splitting among bands at 1826 and 1813 cm-1 is more 
pronounced, and a new band emerges at 1796 cm-1. These 
bands, as well as the 1776 cm-1 band, evolve in unison, 
increasing until 225 °C before gradually decaying with 
increasing temperature due to rapid desorption of NO from Pd. 

The maximum intensity of these bands is substantially less than 
with the adsorption of only NO. Also unlike in the previous gas 
condition, Pd gradually reduces with increasing temperature 
during the co-adsorption of NO and O2, as shown by XAS (cf. 
Figure S3b), which correlates both with Pd-NO gradually 
increasing and a substantial presence of NO+ from broad and 
intense bands at 2181 cm-1. The oxidation state of Pd levels out 
and remains constant at 225 °C, at which point Pd-NO and NO+ 
bands decrease.

From the combined observations of NO adsorption and NO 
and O2 co-adsorption, it can be inferred that nitrosyl species on 
Pd form more easily from nitrates which are reduced by Pd, 
given the stronger Pdn+-NO bands with NO alone. The slight 
reduction of PdO observed with the co-adsorption of NO and O2 
suggests that PdO is able to some degree oxidize and store NOx. 
However, given the more significant oxidation of Pd  and greater 
presence of nitrosyl species on Pd, as observed during NO 
adsorption, it appears Pd more efficiently reduces surface NOx.

Co-adsorption of NO and H2. The introduction of a strong 
reducing agent drastically changes the species observed in 
DRIFTS measurements. While most of the species described 
above are present to some degree, with exception to the 
bidentate nitrates which are almost fully absent except for a 

Fig. 4 Absolute intensities of selected IR bands of reactive intermediates from DRIFTS pseudo-absorbance spectra 
for (a) NO, (b) NO and O2, (c) NO and H2, and (d) SCR gas mixtures. The V5+ and OH bands are negative in absorbance 
and represent the relative decrease in V=O and Ti-OH species, respectively.
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weak band at 1578 cm-1, several new peaks appear at 3336, 
3249, 3174, 3033, and 2800 cm-1 (Figure 6a), 1890 cm-1 (Figure 
6b), and 1512, 1454, 1433, 1402, 1333, and 1235 cm-1 (Figure 
6c).

The bridging nitrate species are present at all measured 
temperatures, and the bands decrease slightly with increasing 

temperature, matching well with the negative OH and V5+ 
bands. Despite the apparent stability of nitrate species under 
reducing conditions, the overall intensities of these bands are 
substantially less than during the co-adsorption of NO and O2. 
Additionally, the lower wavenumber bidentate nitrate species 
are largely absent at all temperatures, indicating their relative 
instability under reducing conditions. Signs of altered nitrate 

Figure 5. Temperature dependent DRIFTS spectra of the 
1%Pd/5%V2O5/20%TiO2-Al2O3 catalyst under a flow of 
1000 ppm NO and 10% O2 in Ar, shown at (a) high 
wavenumbers for OH (negative) and water bands, (b) 
middle wavenumbers for NO+, V=O (negative), and Pd-NO 
bands, and (c) low wavenumbers for support nitrate and 
nitrite bands.

Figure 6. Temperature dependent DRIFTS spectra of the 
1%Pd/5%V2O5/20%TiO2-Al2O3 catalyst under a flow of 
1000 ppm NO and 5000 ppm H2 in Ar, shown at (a) high 
wavenumbers for OH (negative), ammonia, and water 
bands, (b) middle wavenumbers for NO+, V=O (negative), 
and Pd-NO bands, and (c) low wavenumbers for support 
nitrates, nitrites, and ammonia bands.
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chemistry are given by the blueshift of the OH bands and 
redshift of the V5+ bands with increasing temperature. An 
additional sign of altered chemistry is the presence of a 
monodentate nitrite band ν3(NO2) at 1512 cm-1, which is 
relatively weak and rapidly vanishes with increasing 
temperature.

Unlike the previously discussed gas conditions, the Pdn+-NO 
band at 1813 cm-1 was observed at 100 °C and rapidly vanished 
by 150 °C, along with neighboring and less intense Pd2+, Pd+, and 
Pd0 bands at 1868, 1776, and 1747 cm-1, respectively, (Figure 
6b). The pathway through which NO adsorbs onto Pd under 
these reducing conditions at these temperatures is not clear, as 
both the average oxidation state of Pd (Figure 1c) and nitrosyl 
bands (Figure 4c) decrease simultaneously, but the overall lack 
of NO+ and low presence of nitrates suggests that NO is more 
likely reduced while adsorbing onto Pd. Additionally, the 
presence of H2 without O2 causes these linearly adsorbed 
species to be highly unstable and are likely converted into 
ammonia species, explained in more detail below.

New peaks from 2500 to 3500 cm-1 and 1350 to 1500 cm-1 
are all associated with the formation of ammonium ions (NH4

+) 
on Brønsted acid sites and NH3 adsorbed on Lewis acid sites. It 
is well reported in the literature that the 3358 and 3240 cm-1 
bands belong to the νs(N-H) modes, of NH3 on Lewis sites, 
whereas the 3183, 3033, and 2800 cm-1 bands are for the νas(N–
H), νas(N–H), and 2δas(H–N–H) modes, respectively, of NH4

+ 
adsorbed on Brønsted acid sites. 57, 60, 66, 67 Lower frequency 
NH4

+ δas (H–N–H) modes are found at 1454, 1433, and 1402 cm-

1,67 with a corresponding δs (H–N–H) mode at 1660 cm-1.33 Low 
frequency modes of NH3 adsorbed on Lewis acid sites, which 
overlap with the bands of monodentate nitrates at 1297, 1282, 
and 1256 cm-1, are particularly difficult to isolate but may 
contribute to band broadening near 1300 cm-1. A weak band at 
1333 cm-1 is observed with questionable significance and may 
be attributed to nitro-compounds or N-N vibrations of cis-N2O2 
species.58 In the case of nitro-compounds, an additional band at 
1580 cm-1 would be expected, but overlaps significantly with 
nitrate species. N2O2 species would have counterpart bands 
below 1050 cm-1 which is below the sample cut-off. During the 
co-adsorption of NO and H2, this band is of questionable value 
but becomes more significant under SCR conditions, as 
discussed in detail below, suggesting it belongs to features of 
partially reduced NOx species which are not observed in the 
absence of H2. 

NH4
+ adsorbed on Brønsted acid sites remain stable until 

around 200 °C, where they decay following the rapid reduction 
of Pd, as shown in Figures 1c and 4c. By 250 °C, Pd is fully 
reduced and negligible NH4

+ remains on Brønsted acid sites. 
Beyond 250 °C and when NO approaches full conversion, only 
the bands at 1402, 3174, 3249, and 3336 cm-1 remain. The more 
intense modes of NH3 adsorbed on Lewis acid sites suggest 
these as the dominant surface ammonia species. The decay 
curve of NH4

+ species matches that of N2O in Figure 1a, 
suggesting that NH4

+ is a critical intermediate for the formation 
of N2O. The dependence of ammonium ions on oxidized Pd 
suggest NH4

+ forms at the metal-support interface via the 
reduction of NOx species bridging PdO and TiO2 Brønsted acid 

sites with activated hydrogen. These interfacial NH4
+ are then 

able to react with nitrates bridging PdO and TiO2, forming N2O 
via the following mechanism:68

NH4
+ + NO3

- → N2O + 2H2O (Eqn. 2)
Once bulk reduced Pd appears (cf. Figure 1c), ammonium 

ions are unable to form – as indicated by the disappearance of 
NH4

+ (1433 cm-1) bands (cf. Figure 4c, Figure 6c) – and activated 
hydrogen becomes the dominant reducing agent, fully reducing 
nitrosyls and nitrates to N2 and H2O and eliminating N2O as a 
product. Also under these conditions, trace amounts of N2O in 
the gas phase are easily converted.

 NH3 adsorbed on Lewis acid sites becomes the dominant 
ammonia species at high temperatures, as indicated by 
lingering bands at 3249 and 3336 cm-1. This suggests that Lewis 
acid sites on the support are not significantly impacted by the 
state of Pd and that NH3 is a more stable reactive intermediate 
than NH4

+ at high temperatures. No significant gaseous NH3 was 
detected in the MS data (m/z = 15), which could indicate that 
NH3 adsorbed at Lewis acid sites on the titania-vanadia support 
performs SCR of NOx in parallel with activated H2 on Pd, 
matching previous reports;28 however, this cannot be 
confidently concluded due to limitations in measuring small 
quantities of nitrogen species, especially in the case of NH3, 
which has only a minor fragmentation ion at m/z = 15. 

In-Situ DRIFTS of the H2-SCR of NO. With the addition of 
oxygen to the NO/H2 mixture, which results in typical SCR 
conditions, no new bands appeared in DRIFTS spectra (Figure 7). 
However, the temperature evolution of active metal-NO, 
ammonia, and nitrate modes are distinct, and aspects of each 
condition are visible and help elucidate the complex chemistry 
observed. The temperature dependence of bridge nitrates 
(1620 cm-1), Pd-NO (1813 cm-1), NO+ (2182 cm-1), OH- (3733 cm-

1), V5+ (2047 cm-1), NH4
+ (1427 cm-1), and NH3 (1385 cm-1) IR 

modes are shown in Figure 4d and contrast with the other gas 
conditions in Figures 4a-c.

Similar to the observations of the previously discussed gas 
mixtures (cf. Figure 4), the negative OH and V5+ bands decrease 
in absolute area alongside the bridge nitrate bands with 
increasing temperature. However, the competition between 
NH4

+ and nitrates for adsorbing on Brønsted acid sites is more 
pronounced; from 50 to 100 °C, where NH4

+ species (1427 cm-1) 
are most prevalent, the bridge and bidentate nitrate bands are 
less intense and grow in intensity from 125 °C as adsorbed NH4

+ 
decreases in prevalence. Additionally, the 1620 cm-1 bridge 
species undergoes a slight blueshift in the presence of NH4

+ at 
50 and 75 °C. The clash between these molecules further 
suggests that bridge and bidentate nitrates form at Brønsted 
acid sites and compete with NH4

+. In the absence of O2, NH4
+ 

species dominate at low temperatures. The presence of O2 does 
not appear to lower the stability of NH4

+ species, considering 
that the band intensities at 1427 and 3031 cm-1 are equal or 
higher than observed with just the NO + H2 condition. O2 rather 
promotes the formation of nitrates and causes the low 
frequency bands of NH4

+ adsorbed on Brønsted acid sites to 
redshift with increasing temperature. It is important to note 
that the presence of O2 also promotes NH4

+ species at higher 
temperatures. Under the NO + H2 condition, NH4

+ species nearly 
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fully diminished by 275 °C, whereas the low frequency NH4
+ 

band at 1427 cm-1 remains present in significant amounts at 300 
°C with the addition of O2. No significant change was observed 
in the MS intensity of N2O which suggests O2 limits the 
conversion of NHx species to N2O. However, the small amounts 

of N2O expected from this catalyst (i.e. 50 ppm)34 during SCR of 
NOx was not detected by MS.

Another significant change due to the addition of O2 to the 
NO + H2 mixture is the more significant presence of bands 
between 1300 and 1400 cm-1, which undergo a blueshift with 
increasing temperatures. from the band at 1317 cm-1 , generally 
assigned to monodentate nitrates on TiO2, is significant at 50 °C 
but gradually decreases and seemingly shifts to 1334 cm-1 at 175 
°C and ultimately 1365 cm-1 by 300 °C. Part of this shift can be 
explained by diminishing nitrate bands throughout the entire 
spectrum. However, the blueshift to frequencies closer to 1365 
cm-1 correlates with the onset of SCR activity at 200 °C (Figure 
1b), and all bands around 1365 cm-1 begin to decrease in 
intensity as NO conversion decreases beyond 250 °C. Here it can 
be inferred that more complex partially reduced NxOy species 
(e.g. nitro-compounds,)55, 58 are formed as SCR intermediates.

The bands for active metals from 1725 and 1900 cm-1 
indicate/support three temperature regimes relevant for the 
performance of the H2-SCR reaction. Similar to the NO and NO 
+ O2 conditions, the Pd-NO bands are largely absent until the 
bridge nitrate species at 1649 and 1620 cm-1 significantly 
decrease. In this low temperature regime, below 200 °C and the 
onset of SCR activity, the abundance of nitrates and NO+ species 
suggests that NO is more favorably oxidized. Given the gradual 
reduction of Pd, as shown by XANES in Figure 1d and as 
observed during the co-adsorption of NO and O2, PdO appears 
able to oxidize NOx and form metal-support bridge nitrates 
(1680 cm-1) according to Equation 1. This then is an 
intermediate step towards the formation of Pd-NO nitrosyls. 
After the onset of SCR activity above 200 °C, nitrates and NO+ 
species diminish, converting to nitrosyl species on Pd and 
forming PdO, as observed in the adsorption of NO alone. Above 
250 °C, SCR activity decreases in intensity, Pd-NO IR bands 
rapidly shrink, and the average oxidation state of Pd begins to 
significantly decline. Here, as observed with the adsorption of 
NO and the co-adsorption of NO and O2, the rate of desorption 
of NO limits the presence of NO species on the active metal. In 
turn, activated hydrogen on bulk reduced Pd more readily 
reduces Pd and combusts with impinging O2.

It is notable that the conversion of NO decreases less 
drastically as the desorption of NO from Pd and the reduction 
of Pd. This can be explained by the role of the titania-vanadia 
support, which has been previously shown to reduce NOx at 
high temperatures without the presence of active metal.26 To 
this end, NH3 adsorbed on Lewis acid sites, indicated by the 
persistent band at 3240 cm-1, is a species which exists 
independently of the state of Pd which is efficient at reducing 
NOx stored on the TiO2 support during H2-SCR.28

These findings point towards Pdn+-NO as the active surface 
intermediate for H2-SCR activity on the active metal and NH3 
adsorbed onto Lewis acid sites as an active intermediate for SCR 
on the support. Notably, at 250 °C where NO conversion is 
maximized, the nitrosyl (1796, 1813, and 1826 cm-1) bands are 
also at their maximum intensity. When the temperature 
increases, NO conversion weakens and Pd becomes more 
reduced due to runaway activation of H2 and its subsequent 
catalytic oxidation, which correlates with the decrease in the 

Figure 7. Temperature dependent DRIFTS spectra of the 
1%Pd/5%V2O5/20%TiO2-Al2O3 catalyst under a flow of 
1000 ppm NO, 5000 ppm H2, and 10% O2 in Ar, shown at 
(a) high wavenumbers for OH (negative), ammonia, and 
water bands, (b) middle wavenumbers for NO+, V=O 
(negative), and Pd-NO bands, and (c) low wavenumbers 
for support nitrates, nitrites, and ammonia bands.
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area of all three IR bands. Despite the rapid reduction of Pd, the 
presence of O2 slows this reduction relative to what was 
observed during the co-adsorption of NO and H2. This suggests 
that O2 buffers the Pd state during SCR, delaying and limiting 
the rate of reduction.

Conclusions
The average oxidation state of Pd on a 

1%Pd/5%V2O5/20%TiO2-Al2O3 catalyst create three distinct 
regimes and plays a pivotal role in which adsorbed species exist 
on the surface and which reaction pathways for NOx reduction 
occur during H2-SCR (cf. Scheme 1). The prevalence of PdO on 
the surface and in the bulk material, mediated by the presence 
of O2, influence how NOx is stored and reacts with adsorbed 
reducing agents. 

In the case of mostly oxidized Pd, where both the surface 
and bulk are PdO-like, gradual reduction of Pd was observed 
during adsorption of NO, both with and without O2. This 
coincided with the formation of NO+ ions and nitrates, 
demonstrating that NO is able to reduce PdO. While Pdn+-NO 
adsorbates were observed under these conditions, oxidation of 
NO favors the formation of other nitrogen species (e.g. nitrates, 
nitrites, nitro-compounds) which store at the metal-support 
interface or on the metal oxide. Highly oxidized Pd is not directly 
conducive to SCR, either due to stable NOx adsorbates in the 
presence of O2 or due to the formation of undesired N2O from 
the combination of NH4

+ and nitrates at the metal-support 
interfacial Brønsted acid sites. 

The SCR of NO is most efficient on slightly reduced Pd, in 
which the surface contains a significant amount of Pd0 for NOx 
adsorbates to oxidize. Metal-support bridged nitrates react 
with Pd0 to form adsorbed Pdn+-NO. H2 then further reduces 
these nitrosyl species to H2O and N2. Partially reduced adsorbed 

NxOy species (e.g. nitro-compounds) are also present in 
significant amounts under SCR conditions when Pd is also 
partially reduced.

Once bulk PdO is reduced to metallic Pd, both O2 and H2 
activate and catalytic oxidation of H2 becomes the favored 
reaction pathway. At temperatures above 250 °C, the fast 
desorption of NO from Pd outpaces the ability for nitrates to 
oxidize Pd, further inhibiting SCR activity and causing a runaway 
reduction of Pd.

Ammonium ions adsorbed on Brønsted acid sites at the Pd-
support interface, are highly affected by the Pd oxidation state. 
In the absence of O2, NH4

+ ions are not formed on reduced Pd. 
The presence of O2 stabilizes adsorbed ammonium and restricts 
the undesired conversion to N2O. 
NH3 adsorbed on Lewis acid sites exists independent of the Pd 
state, with or without O2. 

Here the vanadia-titania support plays a critical role in the 
SCR of NO by oxidizing impinging NO and storing it on the 
surface as stable nitrates and nitrites at Brønsted acid sites. V=O 
readily oxidizes NO across all measured temperatures both in 
the presence and absence of O2. The Lewis acid sites on TiO2 
also permit stable NH3 formation in the presence of H2, which 
selectively reduce absorbed NOx to N2 at high temperatures 
when NO desorbs from the active metal.

From the data presented herein, in order to optimize SCR of 
NOx by H2, metal-support bridge nitrates need to be the focus 
as they are a form of NOx storage as well as a critical 
intermediate for nitrosyls on the active metal. This would 
require increased Brønsted acid site prevalence near or at the 
active metal interface. However, it should be kept in mind that 
these sites are susceptible to NH4

+ ions and N2O formation 
especially under rich exhaust conditions.  With sufficient O2, the 
sites will ultimately increase the amount of desired reactive 
intermediates and therefore increase catalytic activity.

Scheme 1. Evolution of nitrogen species on Pd/V2O5/TiO2-Al2O3 with respect to Pd oxidation state
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