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Abstract We investigate the relationship between the
H2 :NO ratio and NH3 formation over alumina supported
Pt and Pd catalysts. By kinetic studies and in situ
infrared spectroscopy, we report that NH3 formation
is not only sensitive to the catalyst formulation but
equally dependent on the feed gas composition and temperature. Specifically, we identify that hydrogen plays
an important role in the dissociation of NO at low temperature. We also show that the support material itself
plays a vital role in the ammonia formation mechanism
due to the redox behaviour of NO adsorption at low
temperature. This was unexpected as the noble metal
is generally considered to be the active phase for the
reaction of NO and H2 .
Keywords Passive SCR · DRIFT spectroscopy · NH3
formation

1 Introduction
Passive selective catalytic reduction (Passive-SCR) is a
newly emerging technique for NOx abatement in leanburn SI gasoline passenger vehicles. This technology
aims to utilise unwanted NOx by reaction with hydroE.C.Adams
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gen containing molecules present in the exhaust to provide an onboard supply of NH3 [1–3]. This will reduce
the dependence on an externally stored reductant, i.e.
urea, as is currently preferred by heavy-duty NH3 -SCR
technology for the reduction of NOx to N2 in the presence of excess O2 [4–6]. The formed NH3 can subsequently be stored down-stream on an SCR catalyst and
be utilised as a reducing agent for NOx during lean operation [1–3].
Two prominent routes for NH3 formation using NO
are reported in literature; the direct reaction of NO
with H2 and the hydrolysis of surface-bound isocyanate
groups [7]. Focussing on the first route, which is the
simpler of these two mechanisms, an understanding of
how the ratio between the two reactants (H2 and NO)
a↵ects the selectivity to NH3 is of great interest. Previously, Xu et al. [8] have investigated the change in
selectivity to N2 O, N2 and NH3 as a result of altering
the [H2 ]:[NO] ratio of the gas feed over Pt/Al2 O3 and
Pt/BaO/Al2 O3 . The authors observed that, at a catalyst temperature of 100 C, a 100 % selectivity to NH3
could be achieved when the H2 :NO ratio exceeded 2.5.
However, the primary focus of their investigation was to
develop and validate a mechanistic-based kinetic model
for the reaction of NO with H2 over Pt.
Since passive-SCR is a new field, a bottom-up approach
to understand how to formulate suitable ammonia formation catalysts (AFC) is beneficial. Therefore, the
aim of this paper is to investigate simple noble metalsupport systems in order to add to the understanding of
the di↵ering steady-state selectivities observed during
reaction of NO with H2 at varying H2 :NO ratios. We
do this by studying both low- and high-temperature
steady-state e↵ects, as well as conducting an in situ
infrared investigation to identify and follow the evolution of surface species that are present during reaction.
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We report on both Pt/Al2 O3 and Pd/Al2 O3 systems
to determine how the active phase a↵ects the reaction
selectivity.

2 Experimental
2.1 Sample preparation
Alumina supported Pt (1.0 wt.%) and Pd (0.5 wt.%)
powder catalysts were prepared by impregnating an
alumina support (Puralox SBa200, SASOL) with grain
size, d50 = 45 µm, pore volume = 0.35 - 0.50 ml/g
and pore radius = 4 - 10 nm with an aqueous solution of platinum and palladium nitrate, respectively,
using the incipent wetness impregnation technique. The
synthesis method and monolith-coating procedure have
been described in detail elsewhere [9]. Detailed characteristics of the samples including specific surface area,
noble-metal particle size and precise metal-content are
also reported therein. Although the noble-metal particle size range was determined as 2 - 21 nm for the Ptcontaining sample, it was not possible to determine the
corresponding particle size of the Pd/Al2 O3 due to low
contrast/resolution. However, the presence of Pd was
confirmed by inductively coupled plasma optical emission spectroscopy and energy dispersive spectroscopic
analyses.

2.2 Kinetic Analysis
Continuous gas flow reactor studies were conducted in
order to determine how the ratio between NO and H2 in
the feed a↵ects the formation of NH3 and N-containing
byproducts in the absence of O2 . The reactor setup
employed in this investigation has previously been described by Kannisto et al. [10]. The inlet gas composition was controlled using mass flow controllers (Bronkhorst
Hi-Tech LOW- P-FLOW) and the outlet gas composition was analysed using FTIR spectroscopy (MKS 2030
HS). All experiments were carried out with an Ar balance in order to keep the total gas flow constant at 2000
ml/min, corresponding to a space velocity (GHSV) of
40 000 h 1 . Initially, the influence of H2 was investigated by increasing the concentration of H2 from 200 to
1500 ppm in 100 ppm steps, whilst the concentration of
NO remained constant at 500 ppm. An additional step
where the H2 concentration is equal to 1250 ppm was
included since high selectivity towards NH3 has been
reported when the stoichiometric requirement of H2 is
fulfilled, i.e H2 :NO >2.5 [8]. To ensure steady-state conditions, each data point was collected for 15 minutes.
The experiments were conducted at 150 and 350 C
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with the goal of distinguishing the dominating reaction
pathway for the di↵erent rate limiting processes. The
same temperature and time conditions as described for
the H2 dependence scheme were used for determining
how NO a↵ects the NH3 formation. For these experiments, the H2 concentration was kept constant at 1500
ppm whilst the concentration of NO was varied between
100 and 1500 ppm, again in steps of 100 ppm. An extra
measurement point was added where the NO concentration was equal to 650 ppm.

2.3 Surface speciation
To follow the evolution of surface species during reaction, Infrared Fourier transform spectroscopy was carried out in situ in di↵use reflection mode (DRIFTS) using a Biorad FTS6000 spectrometer equipped with an
in situ Harrick Praying Mantis reaction cell mounted
with KBr windows. The e↵ect of varying NO and H2
concentration was investigated by following the timeresolved evolution of surface species during NH3 formation. The gas composition was controlled via separate
mass flow controllers (Bronkhorst Hi-Tech LOW- PFLOW) and an Ar balance was employed to maintain
the 100 ml/min total gas flow fed to the reaction cell.
As with the continuous gas flow reactor experiments,
reactions were carried out at 150 and 350 C and each
spectrum was recorded at steady-state after 15 minutes
of exposure to the feed gas. The NO concentration was
kept constant at 500 ppm and the concentration of H2
was varied between 0 and 1500 ppm, this time in steps
of 200 ppm.
The temperature and time protocols described above
were replicated for these experiments. The concentration of H2 was held constant at 1500 ppm whilst that
of NO was varied between 0 and 1400 ppm in steps of
50 - 300 ppm.

3 Results and Discussion
The e↵ect of altering the amount of H2 available for
steady state NH3 formation can be seen in Figure 1a.
In all cases a steady increase in the generation of NH3
is observed as the H2 concentration of the feed gas increases. This occurs until the H2 concentration is equal
to approximately 1200 ppm ([H2 ]:[NO] = 2.4), after
which the concentration of formed NH3 remains constant. The maximum possible concentration of formed
NH3 (500 ppm) is achieved when the reaction is carried out at 350 C, whereas conversions of ⇠ 50 % are
observed under low-temperature conditions. An interesting observation is the di↵erence in H2 -dependence
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Fig. 1 Steady state formation of N2 , N2 O and NO over

Pd/Al2 O3 (open-markers) and Pt/Al2 O3 (filled-markers) at
150 and 350 C versus either the concentration of NO steps
whilst H2 concentration is kept constant at 1500 ppm, or the
concentration of H2 steps whilst NO is held constant at 500
ppm (Ar balance, GHSV = 40,000 h-1).

behaviour seen between low- and high-temperature conditions centred around the step where H2 is equal to 700
ppm. When the H2 concentration is below 700 ppm, low
temperature is preferrable for NH3 formation. At 350
C, when no NH3 formation is observed, Figures 1b
and c show that the formation of N2 steadily increases
as the NO slip decreases. As N2 could not be directly
measured and no NO2 is detected in the reactor outlet
during any of these experiments, a nitrogen balance was
used to calculate the formed amounts of N2 according
to the following equation:
N2 = 1/2NOinlet - (N2 O + 1/2NH3 + 1/2NOoutlet )
Additionally when the H2 concentration is below 700
ppm, a small contribution from N2 O is observed in Figure 1d which becomes negligible when H2 is increased
beyond this concentration. Conversely, when the H2
concentration is above 700 ppm, higher temperatures
are preferred for reaction of NO to NH3 . Consequently,
the formation of N2 steadily decreases and the NO
slip becomes negligible. Overall, the di↵erences in Nproduct selectivity obtained as a result of varying the
H2 composition of the feed gas at 350 C agree with
observations previously reported on Pt/Al2 O3 by Xu
et al. [8]. We also show that similar behaviour is exhibited by Pd-containing samples. The di↵erence in selectivity to nitrogen-containing products as a result of
varying the [NO]:[H2 ] ratio is found to correlate directly

2500

2000

1500

2500

2000

1500

Wavenumber

Fig. 2 DRIFTS spectra acquired during H2 dependence ex-

periments (H2 concentration (ppm) of feed gas displayed
on spectra). Top and bottom panels show surface species
present on Pt/Al2 O3 and Pd/Al2 O3 respectively. The left
panel shows the results of performing the experiment at low
temperature (150 C), whilst the right-hand panel shows results at 350 C. NO concentration was constant at 500 ppm
and Ar balance was employed to keep the total flow at 100
ml/min. Blue spectra show an [H2 ]:[NO] >2.5

to the stoichiometric equations displayed below (eqn 13). These trends in selectivity over noble-metal systems
correspond with findings reported in the 1970s when
the suppression of NH3 formation was of interest during early three-way catalyst (TWC) development [11,
12].
2NO + H2 ! N2 O + H2 O

(1)

2NO + 2H2 ! N2 + 2H2 O

(2)

2NO + 5H2 ! 2NH3 + 2H2 O

(3)

The low activity for NH3 formation exhibited at 150 C
might be due to a self-poisoning of the catalyst surface
by NO, leading to a decreased availability of active sites
for dissociative adsorption of H2 .
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Table 1 Summary of species assignments for the in situ

DRIFTS experiments.
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Upon observation of the DRIFT spectra displayed in
Figure 2 (all peak assignments and references are found
in Table 1), it can be seen that peaks representative of
N-containing surface species (1400 - 1850 cm 1 ) are
much more prominent when the experiment is carried
out at 150 (a and c) than 350 C (b and d). Even more
distinct however, is the peak at 2250 cm 1 which is
only observed at low temperature and increases with increasing H2 availability. In the literature, this peak has
been frequently ascribed to isocyanate species, which
are known to be an intermediate species that can be
hydrolysed to form NH3 [4, 13, 14]. However, since there
is no CO present in the feed, this suggestion can be
ruled out. Other species reported to be present at this
wavenumber include NO+ ions adsorbed on Al2 O3 supported catalysts [15, 16] and also gaseous N2 O [17, 18].
During low-temperature reaction, we observe in Figure 1d, that a constant formation of N2 O is obtained
throughout the experiment which seems to be unaffected by the H2 concentration. Furthermore, the peak
position is una↵ected by varying the NO/H2 ratios and
no rotational bands are observed. Thus, to ascribe the
growing absorption peak at 2250 cm 1 to N2 O would
not be logical and so we conclude that this peak is due
to the presence of NO+ species on the alumina surface.
This observation indicates a redox interaction between
NO and the alumina support since no oxygen is present
within the feed gas. The NO molecule is known to be a
weak electron donor due to the presence of an unpaired
electron in its configuration. Thus, upon coordination
to a Lewis acid site on the alumina support, a partial
charge transfer occurs, resulting in the partial oxidation of the NO molecule whilst the alumina support
becomes partially reduced [19]. The implications of the
increasing intensity of NO+ and nitrate species as a result of increasing the [H2 ]:[NO] ratio of the feed gas are
two-fold; Firstly, we conclude that a reduced surface
is the preferred state for NO adsorption to take place
since minimal NO and nitrate peaks are observed when
only NO is supplied in the feed. The pretreatment of
the catalyst involved flowing oxygen over the sample at
high temperature prior to switching to pure Ar for a
short period in order to remove any carbonaceous surface contaminants from the material. O2 was chosen for
the pretreatment conditioning because the e↵ect of H2
was being investigated and it was important to have
an H-free surface at the start of the experiment. We
therefore assume that the Pt and Pd sites are initially
present in an oxidized state when only NO is available
in the feed and NO adsorption is negligible. Secondly,
the growing intensity of the NO+ peak at low temperature, coupled with the low activity for NH3 formation
(in comparison to the reaction carried out at 350 C)
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Inlet NO Concentration (ppm)

Fig. 3 Steady state formation of NH3 over Pd/Al2 O3 (open-

markers) and Pt/Al2 O3 (filled-markers) at 150 and 350 C
versus (a) the concentration of NO steps whilst H2 concentration is kept constant at 1500 ppm, (b) the concentration of
H2 steps whilst NO is held constant at 500 ppm (Ar balance,
GHSV = 40,000 h-1).

indicates that a high surface coverage by NO limits the
formation of NH3 . This will be further discussed below,
where the concentration of NO provided to the reaction
mixture reaches significant excess.
The e↵ect of varying the NO concentration on the
steady-state formation of NH3 at constant H2 concentration can be seen in Figure 3a. When performed at
350 C, 100 % conversion of NO to NH3 is achieved
when the concentration of NO in the feed gas is varied between 100 and 600 ppm and the reaction appears
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first order with respect to [NO]. This means that the
ratio between the H2 and NO concentrations in the feed
gas is equal to or in excess of 2.5:1. As the concentration of NO available for reaction is increased beyond
this point, the selectivity to NH3 is negatively a↵ected,
most notably when the reaction is carried out at 350 C.
This rapid loss of NH3 selectivity is accompanied by increasing generation of N2 , observed in Figure 3b. When
exposed to low-temperature conditions (150 C) considerable amounts of N2 O, exhibited in Figure 3d, are
formed over both catalysts. An interesting di↵erence in
behaviour between Pt and Pd is observed when the reaction is carried out at 150 C; At this temperature, the
Pd- containing sample shows a steady increase in NH3
formation throughout the entire experiment, whereas
the Pt- containing sample exhibits a loss in activity
when the NO concentration exceeds 1000 ppm. Figure
3c shows that this is due to an increase in NO slip over
the Pt/Al2 O3 which is not observed over Pd/Al2 O3 .
Upon observation of the obtained DRIFT spectra in
Figure 4, we again see that the intensities of peaks
representative of adsorbed NO and nitrate groups are
higher during low-temperature conditions (a and c) than
at high temperature (b and d). However, the contribution of these peaks is not as significant as when an
excess of H2 is available in the feed. The di↵erence of
the behaviour on the Pd/Al2 O3 sample during this reaction compared to the H2 dependence experiment is
also of interest. When H2 is available in excess, an increase in the amount of NO+ species adsorbed on the
catalyst surface is seen. However, only a very small contribution from this peak is observed when the concentration of NO is increased and the H2 concentration
remains constant. On the contrary, when the NO concentration of the feed is increased over Pt/Al2 O3 , the
intensity of the NO+ peak significantly increases, as for
the case with the H2 dependence reaction. Farberow
et al. [25] have investigated the reaction of NO with
H2 over Pt(111) using DFT calculations, specifically
focussing on the di↵erence between NO surface coverage e↵ects at high- and low-temperature. They found
that the elementary step most a↵ected by the degree of
surface coverage by NO is the dissociation of NO on the
active sites of the catalyst. At low temperature, the activation energy for this reaction increases from 2.32 eV
on a clean Pt surface to 3.52 eV on a surface with high
NO coverage. Similarly, Huai et al. [26] report an activation energy of 2.36 eV for the dissociative adsorption
of NO on clean Pd (111). Therefore, it is assumed by
both groups that for NO to dissociate, an intermediate
pathway via formation of HNO prior to N-O bond scission is a more energetically favourable route. De Wolf
et al. [27] also report that the presence of H2 promotes

5

0

Pd

(c)

2500

2000

1500

(d)

2500

Pd

2000

1500

Wavenumber

Fig. 4 DRIFTS spectra acquired during NO dependence ex-

periments (NO concentration (ppm) of feed gas displayed
on spectra). Top and bottom panels show surface species
present on Pt/Al2 O3 and Pd/Al2 O3 respectively. The left
panel shows the results of performing the experiment at low
temperature (150 C), whilst the right-hand panel shows results at 350 C. H2 concentration was constant at 1500 ppm
and Ar balance was employed to keep the total flow at 100
ml/min. Blue spectra show an [H2 ]:[NO] <2.5

the dissociation of NO and that any excess availability of H2 subsequently contributes to the production of
NH3 . This could explain the decrease in NH3 selectivity
and increase in N2 , N2 O and NO slip observed during
both reaction protocols when the H2 :NO ratio of the
feed is lower than the stoichiometric value of 2.5. Although there may be enough H2 available to dissociate
the adsorbed NO at low temperature, there is not a high
enough presence to also react with the N adatoms and
so surface recombination of the N and O is preferred.

4 Conclusions
We show that for the reaction of NO with H2 over alumina supported Pt and Pd catalysts at intermediate
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temperature, the selectivity to N-containing products
follows the stoichiometry (eqns 1-3). Therefore, it is
possible to achieve full conversion to NH3 over these
materials when the H2 :NO ratio is higher than 2.5. We
also show that under low temperature conditions (150
C), hydrogen is required to facilitate the dissociation
of adsorbed NO, therefore reducing the e↵ect of NO poisoning on the catalyst surface. Further, chemical processes on the alumina support itself are involved in the
NH3 formation mechanism due to the observed redox
behaviour upon adsorption of NO.
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