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Abstract

A zirconium oxynitride catalyst was used for the decomposition of ammonia to hydrogen and nitrogen. The onset of catalytic activity at ∼550 ◦C
coincided with the onset of nitrogen ion mobility in the material and a phase change from the initial β ′ phase (∼Zr7O11N2) to the nitrogen-rich
β ′′ ZrON phase (∼Zr7O9,5N3). No hydrazine formation during an extended time on stream was detectable. Moreover, the onset of activity was
also correlated to a rapid change in the electronic structure of the surface accompanying formation of the more active β ′′ ZrON phase. The results
presented here show for the first time a direct correlation among the onset of ion conductivity as a bulk property, a modified electronic structure
of the surface, and the catalytic performance of a heterogeneous catalyst.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Hydrogen is a promising candidate as a future energy carrier.
However, the best way to store hydrogen for mobile applica-
tions remains under debate. In addition to physically stored
hydrogen, small hydrogen-containing molecules can be used
as hydrogen carriers in an on-board reforming process. Thus,
methanol is often considered a suitable replacement for fossil
fuels. However, the formation of carbon monoxide during the
reforming process is a major disadvantage of using carbona-
ceous hydrogen storage molecules. Because CO acts as a fuel
cell poison, it must be removed in downstream gas purifica-
tion units, which reduces the overall efficiency of the reforming
process. Moreover, steam reforming of carbonaceous hydrogen
sources results in formation of the greenhouse gas carbon diox-
ide.

As a potential alternative to methanol, ammonia can be used
as a hydrogen carrier [1]. Like methanol synthesis, ammonia
synthesis is a large-scale industrial process that can be operated
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anywhere inexpensive hydrogen is available. The production of
hydrogen by decomposition of ammonia is a particularly clean
process that yields only hydrogen and nitrogen, which can be
used in fuel cells without further purification. However, metal
catalysts for ammonia decomposition may produce significant
amounts of hydrazine [2]. Similar to carbon monoxide from
methanol reforming, hydrazine formed from ammonia decom-
position must be removed in a subsequent gas purification unit.
The limited selectivity of common metal catalysts in ammo-
nia decomposition originates from the presence of neighboring
actives sites that facilitate hydrazine formation. Based on this
assumption, we attempted to tailor the selectivity of an im-
proved ammonia decomposition catalyst by rationally seeking
new materials that avoid neighboring active sites. In contrast to
metal catalysts, these materials should be able to provide nitro-
gen atoms from the catalyst bulk for the formation of dinitrogen
molecules.

Nitrogen-conducting zirconium oxynitrides [3,4] are promis-
ing new ammonia decomposition catalysts that avoid the pres-
ence of neighboring metal sites. The combination of an appro-
priate intrinsic reactivity toward nitrogen and low reducibility
make these materials promising candidates for ammonia cat-
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alysts. Here we describe first catalysis studies linking the cat-
alytic behavior in the decomposition of ammonia to the onset of
nitrogen mobility in the bulk of a zirconium oxynitride catalyst.

2. Experimental

2.1. Catalyst preparation

Zirconium oxynitride pellets were prepared from isostati-
cally pressed commercial zirconia powder nitrided at 1900 ◦C
in nitrogen atmosphere for 2 h (graphite resistance furnace), re-
sulting in a mixture of nitrogen-free monoclinic ZrO2 (m-ZrO2)
and the β ′′-type of zirconium oxynitride phase (∼Zr7O9,5N3)
[9]. Subsequently, the material was quenched from a vertical
tube furnace at 1300 ◦C (nitrogen atmosphere) in water. X-ray
analysis after quenching showed a reduced amount of mono-
clinic zirconia and the metastable β ′-phase of zirconium oxyni-
tride (∼Zr7O11N2) [5]. For the catalysis testing described here,
a sample composed of 51 wt% ZrO2 and 49 wt% β ′ ZrON
phase was used (denoted as ZrON in what follows). Hot-gas
extraction of the as-prepared material yielded a total amount of
nitrogen of 1.63 wt% (theoretical, 1.62 wt%). After 3 months
on stream during ammonia decomposition, the material exhib-
ited a minor decrease in the amount of nitrogen (−0.30 wt%).

2.2. In situ X-ray diffraction

High-temperature X-ray diffraction (XRD) experiments
were performed on a STOE STADIP diffractometer (CuKα1-
radiation, λ = 0.15406 nm) equipped with a graphite resistance
furnace. The oxynitride powders were filled into capillaries un-
der nitrogen and heated at a rate of 20 K min−1. At a given
temperature, after an annealing time of 15 min, diffraction data
were collected for 15 min using a position sensitive detector.

2.3. Catalyst testing

Catalysis measurements of the decomposition of ammonia
(NH3 → 0.5N2 +1.5H2, �H 0 = 46.2 kJ/mol) were performed
at atmospheric pressure in a plug-flow tube reactor (PFTR)
from stainless steel (8 mm i.d.; height of catalyst bed, 5–15 mm)
heated to the corresponding reaction temperature (Fig. 1). The
temperature of the reactor was manually increased in steps of
20 K. Steady-state conversion was reached again after about
10 min. The conversion data reported here were determined af-
ter 20 min time on stream at the corresponding temperature.

The amount of ammonia and helium in the feed was ad-
justed by mass-flow controllers (Bronkhorst). This arrangement
permits setting different ammonia partial pressures at different
flow rates, resulting in different contact times. The mass-flow
controller for ammonia needed a special seal and a reliable
pressure reducer of particular precision to properly adjust small
flow rates of ammonia. The PFTR reactor was mounted into a
heating block (brass, 80 mm i.d., 150 mm long), equipped with
six high-temperature 220-W heating cartridges and heated to
the desired temperature. The heating block is prepared to ac-
commodate three reactors, enabling measurements with three
Fig. 1. Schematic arrangement of experimental setup: P = pressure reducer,
MF = mass flow controller, HE = heat exchanger, WF = wash flask, filled with
H2SO4.

catalysts under the same conditions within one test series. One
reactor loaded with glass beads served as a blank reactor to de-
termine the thermal and reactor contributions to the conversion
of ammonia. The second reactor was filled with a conventional
iron oxide-based catalyst (1 g Fe3O4 (magnetite) + 12.3 mg
(1 mol%) K2CO3 + 18.2 mg (4 mol%) Al2O3, 0.3–1 mm par-
ticles, BET surface area ∼7 m2/g), which acted as a reference
catalyst for ammonia synthesis. This catalyst was prepared in
our lab as described previously [10]. The third reactor was
filled with the zirconium oxynitride catalyst (4 g ZrON (0.3–
1 mm particles, BET surface area ∼0.9 m2/g). The catalyst
was tested as synthesized without further processing like press-
ing or crushing. Only the fraction of very fine particles was
removed by sieving. The amount of catalyst used for testing
was adjusted to yield comparable active surface areas. For the
ZrON, the amount was limited by the size of the reactor. Glass
beads were placed above and below the catalyst bed to ensure
that the feed gases and the catalyst powder had the same preset
temperature in the reaction zone.

To rule out diffusional limitations, the Weisz modulus, Ψ ′,
considering ammonia as the limiting reactant was estimated.
The Weisz modulus describes the ratio of reaction rate to reac-
tant diffusion rate and is defined by

(1)Ψ ′ = L2 m + 1

2

reffρcat

Deff,NH3CNH3

,

where L is the characteristic length of catalyst particle (3 ×
10−4 m), m is the reaction order of ammonia (1), reff is the
measured reaction rate (2 × 10−4 mol s−1 kg−1), ρ is the cata-
lyst density (6000 kg m−3), Deff,NH3 is the effective diffusivity
of ammonia (1 × 10−6 m2 s−1), and CNH3 is the concentration
of ammonia (0.14 mol m−3).

With an effective rate of 2 × 10−4 mol s−1 kg−1 estimated
for 600 ◦C and the data given above, a Weisz modulus of 0.77
was calculated. This indicates that reaction proceeded slower
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than diffusion of ammonia and that now mass-transfer limita-
tions need to be considered neither at 600 ◦C nor at the lower
temperatures.

The outlet gases were cooled to −10 ◦C to ensure that the
product streams of different experiments were at the same tem-
perature before reaching the ammonia sensor (Binos IR de-
tector, Rosemount). Then the outlet gases were washed with
sulfuric acid (1 L of washing liquid of 1 mol/L H2SO4).
4-(Dimethylamino)-benzaldehyde was added to test for hy-
drazine in the reaction product. Even after 2 weeks on stream,
no hydrazine was detectable. During this time, 0.9 mol of am-
monia was passed through the reactor. The detection limit for
the hydrazine assay is 0.005 mg/L, which means formation of
<0.4 ppm of hydrazine.

2.4. X-ray photoelectron spectroscopy

XPS measurements were performed in a modified LHS/
SPECS EA200 MCD system equipped with facilities for XPS
(MgKα 1253.6 eV, 168 W power) and UPS (He I 21.22 eV,
He II 40.82 eV). For the XPS measurements, a fixed analyzer
pass energy of 48 eV was used, resulting in a resolution of
0.97 eV FWHM of the Ag 3d5/2 intensity. The binding energy
scale was calibrated using Au 4f7/2 = 84.0 eV and Cu 2p3/2 =
932.67 eV. The base pressure of the UHV analysis chamber
was 10−10 mbar. The ZrON catalyst was spread on a stainless
steel sample holder as a uniformly distributed thin layer. At a
given temperature of the sample holder (heating rate, 1 K/s),
after an annealing time of 15 min, XPS data were collected for
10 min (only for O 1s and Zr 3d). Prolonged measurements of
90 min (for O 1s, N 1s, C 1s, and Zr 3d) were performed before
and after the thermal treatment. Quantitative data analysis was
performed by subtracting a Shirley background [11] and using
empirical cross-sections [12].

3. Results and discussion

XRD patterns of the as-prepared material showed a mixture
of monoclinic zirconia and the metastable β ′-phase of zirco-
nium oxynitride (∼Zr7O11N2) (Fig. 2). This material was used
for catalysis testing and characterization and is referred to as
ZrON. The conversion of ammonia as a function of temper-
ature measured during ammonia decomposition on a conven-
tional iron oxide-based catalyst (mostly Fe3O4), the ZrON cat-
alyst (heating and cooling), and the blank reactor (glass beads)
is depicted in Fig. 3. The iron oxide catalyst showed an on-
set of activity in the decomposition of ammonia at ∼340 ◦C.
Conversely, measurements of the as-prepared ZrON yielded
no detectable activity below 550 ◦C. However, with further in-
creases in reaction temperature, the zirconium oxynitride exhib-
ited a jump in activity of ammonia decomposition at ∼550 ◦C
(Fig. 3). At reaction temperatures above ∼550 ◦C, the activity
of ZrON was similar to that of the conventional iron oxide-
based catalyst. At temperatures above 600 ◦C, about 200 ppm
of ammonia was still found in the effluent gas. This level of am-
monia may be caused by a bypass of feed gas along the catalyst
Fig. 2. Evolution of XRD patterns measured during thermal treatment of a mix-
ture of zirconium oxynitride (") and ZrO2 (F) in the temperature range from
100 to 750 ◦C. The phase change from the β ′ ZrON phase to the β ′′ ZrON
phase is indicated (bar).

Fig. 3. Conversion of ammonia under steady state conditions as a function
of temperature during ammonia decomposition over a conventional iron ox-
ide based catalyst (open triangles) ZrON during heating (black squares) and
cooling (black diamond) using a feed 50 ml STP/min He with 4100 ppm NH3.
A blank reactor experiment with glass beads (open cycles) is included.

bed, because the ratio of catalyst bed height (15 mm) to par-
ticle size (0.3–1 mm) did not meet the recommended value of
50 [13]. This bypassing of feed gas is also indicated by a weak
asymmetry of the residence time distribution of the reactor. On
cooling to ambient temperature, the ZrON catalyst showed a
continuous decrease in ammonia conversion.

Compared with the conventional iron oxide-based catalyst,
the sudden onset of catalytic activity of ZrON at ∼550 ◦C does
not correspond to a regular increase in activity with increasing
reaction temperature. Because of the endothermic nature of the
ammonia decomposition reaction, an ignition behavior of the
reactor can be ruled out. Thus, rapid bulk structural changes
must be assumed to be the origin of the catalytic activity ob-
served. The high-temperature XRD data show that heating the
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as-prepared metastable mixture of the nitrogen-poor β ′-phase
(Zr7O11N2) and monoclinic ZrO2 in nitrogen resulted in demix-
ing to the nitrogen-rich β ′′-phase (Zr7O9.5N3) and an increased
amount of m-ZrO2 at 550 ◦C (Fig. 3) [5]. The β ′ and β ′′ phases
can be described as anion-deficient fluorite structures. Whereas
the β ′ phase is strongly disordered, the β ′′ phase exhibits or-
dered anion vacancies [6,7]. Moreover, the β ′′ ZrON phase
contains a larger amount of nitrogen ions in the lattice than
the β ′ phase, accompanied by an increased number of vacan-
cies in the oxygen sublattice [7,8]. Apparently, phase demixing
requires mobility of nitrogen ions in the ZrON structure to en-
able migration of nitrogen ions and the formation of β ′′ ZrON
and ZrO2. Therefore, the change from the β ′ phase to the β ′′
ZrON phase is a suitable indicator for the onset of nitrogen ion
conductivity in the ZrON catalyst studied.

The sudden onset of catalytic activity of ZrON in ammo-
nia decomposition (Fig. 3) corresponds very well to the phase
change from the initial β ′ phase to β ′′ ZrON (Fig. 2). Appar-
ently, the β ′ phase exhibits only negligible activity in ammonia
decomposition. Conversely, the β ′′ ZrON phase has consider-
able activity, similar to that of a conventional iron oxide-based
catalyst. It can be envisaged that the β ′′ phase exhibits increased
nitrogen mobility compared with the β ′ phase, in addition to
the increased amount of nitrogen in the β ′′ phase. Both of these
properties may be prerequisites for the β ′′ phase to function
as an active catalyst for ammonia decomposition. Thus, the re-
duced amount and mobility of nitrogen in the initial β ′ phase is
not sufficient to merit detectable catalytic activity.

XRD studies have shown that the β ′′ phase persists on cool-
ing and does not change back to β ′ ZrON [5]. This metastability
of the β ′′ ZrON phase is nicely reflected in the conversion of
ammonia during the cool-down period (Fig. 3). Even below the
phase demixing temperature, the increased amount of nitrogen
and its mobility in the β ′′ ZrON phase resulted in an improved
activity compared with the β ′ phase. Moreover, the ammonia
conversion on β ′′ ZrON exhibited a more regular behavior as a
function of the decreasing temperature. Subsequently increas-
ing the temperature under reaction conditions resulted in a reg-
ular increase in activity of the catalyst that coincided with the
cooling curve of the first temperature cycle.

To determine the apparent activation energy of ammonia de-
composition on the ZrON catalyst used, the partial pressure of
ammonia in the feed was varied, and the conversion of ammo-
nia was determined as a function of temperature. The ammonia
conversion on ZrON at a given temperature and residence time
was independent of the ammonia partial pressure (Fig. 4). Ap-
parently, the ZrON catalyst was not saturated under the applied
conditions, and thus the results obtained for the initial conver-
sion indicate a first-order reaction.

For a first-order reaction, the conversion of ammonia in a
PFTR reactor can be described by X = 1 − exp((−ckatkcat +
kuncat)τ ) with X = (pNH3,0 − pNH3)/pNH3,0. Assuming a tem-
perature dependency of the rate constant according to the Ar-
rhenius equation [k = A exp(−EA/RT )], the apparent activa-
tion energy EA can be determined by fitting the equation to
the conversion data as a function of temperature (Fig. 4). The
contribution of the blank reactor was taken into account by fit-
Fig. 4. Conversion of ammonia on 4 g ZrON measured at different concentra-
tions of ammonia in the He flow of 50 ml STP/min. The solid line represents
a refinement of a first-order reaction kinetics to the data obtained for 6950 ppm
NH3 in the feed of 50 ml STP/min. Within the series for 4100 ppm two data
points are missing because of failing the ammonia detector. All measurements
were taken during the cooling cycle.

ting kuncat and EA,uncat to the data obtained without catalyst.
An apparent activation energy of 106 ± 10 kJ/mol was ob-
tained at 400–550 ◦C. This value is in good agreement with
activation energies assumed for ion conductivity in zirconium
oxynitride-based materials. [3] For the uncatalyzed reaction, an
activation energy of 70 ± 10 kJ/mol was calculated from the
conversion data. Moreover, the apparent activation determined
corresponds well with the expected and previously reported val-
ues of ∼120 kJ/mol [8]. On one hand, the similar activation
energies indicate a similar rate-determining step of the reac-
tion on ZrON and reduced metal catalysts. On the other hand,
the absence of detectable amounts of hydrazine is indicative of
a mechanism of ammonia decomposition on ZrON that varies
from that of conventional reduced-metal catalysts. This corrob-
orates the correlation between onset of catalytic activity and
nitrogen mobility in the bulk of the ZrON catalyst as a new
mechanistic concept for this class of materials. Details on the
role of anion vacancies and anion mobility in the material for
kinetics of the decomposition of ammonia will be further eluci-
dated in future work.

In addition to bulk structural properties, the electronic struc-
ture of the surface of the ZrON catalyst as a function of tem-
perature was studied by XPS. The Zr 3d doublet exhibited only
minor changes in shape and position during heating and cool-
ing (Fig. 5A); however, at ∼550 ◦C, an abrupt broadening and
shift in binding energy of the Zr 3d peak appeared (Figs. 5B
and 5C), possibly due to changes in differential charging of the
surface. The corresponding change in the electronic structure of
the ZrON catalyst coincided with the onset of catalytic activity
(Fig. 3) and nitrogen ion mobility of β ′′ ZrON (Fig. 2). Subse-
quently, the resulting surface structure of the β ′′ ZrON phase
persists (Fig. 5) and retains its catalytic activity even at temper-
atures below 550 ◦C (Fig. 3). Moreover, a quantitative analysis
of the XPS data revealed an increasing amount of nitrogen at
the surface of the ZrON material after heating to 600 ◦C (Ta-
ble 1).

Apparently, the dynamic behavior of the surface of the
ZrON catalyst under reaction conditions accompanies the phase
change in the ZrON material at ∼550 ◦C. Thus, the formation
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Fig. 5. Evolution of XPS Zr 3d peak of β ′ ZrON (A), Zr 3d5/2 peak width
(FWHM) (B), and binding energy (C) during heating and subsequent cooling.
The dashed line in (B) and (C) indicates the onset of the phase change from β ′
ZrON to β ′′ ZrON and catalytic activity.

Table 1
Surface composition (atom%) of ZrON material obtained from XPS measure-
ments (O 1s, N 1s, Zr 3d) before (u) and after (d) thermal treatment between
200 and 620 ◦C

Temperature O (atom%) N (atom%) Zr (atom%) O/Zr O/N

200 ◦C (u) 55.02 6.02 21.83 2.52 9.14
620 ◦C 55.5 7.9a 24.1 2.3 7.0
200 ◦C (d) 50.8 7.0 23.1 2.2 7.2

a Measured at 600 ◦C.

of the nitrogen-rich β ′′ ZrON phase is especially detectable at
the surface, whereas the overall concentration of nitrogen in
the bulk decreases only slightly during time on stream. This
confirms the assumption of nitrogen mobility and β ′′ phase
formation as prerequisites for activity of ZrON in ammonia
decomposition. Apparently, the phase change from β ′ to β ′′
Fig. 6. Schematic representation of the decomposition of ammonia on a zirco-
nium oxynitride catalyst.

phase results in the formation of characteristic lattice defects
at the surface of the catalyst. In a corresponding schematic
mechanism (Fig. 6), these defects are the active sites for the
dissociative adsorption of ammonia. Subsequently, a dinitrogen
molecule is formed together with a nitrogen atom from the lat-
tice of the ZrON catalyst. Finally, the vacancy in the nitrogen
sublattice thus generated is replenished by nitrogen diffusion
from the bulk or ammonia from the gas phase (Fig. 6).

4. Conclusion

In summary, the zirconium oxynitride studied here showed
significant catalytic activity in the decomposition of ammonia.
The ZrON catalyst exhibited no formation of hydrazine dur-
ing extended time on stream. The sudden increase in activity at
∼550 ◦C coincides with the onset of nitrogen ion mobility in
the material and the phase change from the initial β ′ phase to
the nitrogen-rich β ′′ ZrON phase. Moreover, an apparent activa-
tion energy of 106 ± 10 kJ/mol agrees well with the activation
energy of ion conductivity in zirconia-based materials. The dra-
matic change in activity is also correlated with a rapid change
in the electronic structure of the surface that accompanies the
formation of the more active β ′′ ZrON phase. The results pre-
sented show here for the first time direct correlations among the
onset of ion conductivity as a bulk property, a modified elec-
tronic structure of the surface, and the catalytic performance of
a heterogeneous catalyst.
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