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Abstract
A range of Cs-doped Fe/Al2O3 catalysts were prepared for the ammonia decomposition reaction. Through time on-line studies
it was shown that at all loadings of Cs investigated the activity of the Fe/Al2O3 catalysts was enhanced, with the optimum
Cs:Fe being ca. 1. Initially, the rate of NH3 decomposition was low, typically < 10% equilibrium conversion (99.7%@500°C)
recorded after 1 h. All catalysts exhibited an induction period (typically ca. 10 h) with the conversion reaching a high of
67% equilibrium conversion for Cs:Fe = 0.5 and 1. The highest rate of decomposition observed was attributed to the balance
between increasing the concentration of Cs without blocking the active site. Analysis of H2-TPR and XPS measurements
indicated that Cs acts as an electronic promoter. Previously, Cs has been shown to act as a promoter for Ru, where Cs alters
the electron density of the active site, thereby facilitating the recombination of N2 which is considered the rate determining
step. In addition, XRD and N
 2 adsorption measurements suggest that with higher Cs loadings deactivation of the catalytic
activity is due to a layer of CsOH that forms on the surface and blocks active sites.
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1 Introduction
In the fight against climate change caused by, among other
contributors, the large amounts of C
 O2 emitted through the
burning of fossil fuels, the hydrogen economy has become
a desirable and prominent field of research. A recent study
by the Intergovernmental Panel on Climate Change (IPCC)
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reported that the situation is more ominous than previously
thought, with immediate and radical change necessary to stop
the average global temperature increasing by 2 °C, accelerating the need for clean fuels [1]. An alternative to fossil fuel
combustion for automotive applications is the use of proton
exchange membrane fuel cells (PEMFC), which do not produce any COx by-products [2]. This has led to a renewed interest in the ammonia decomposition reaction, previously studied
to gain insights into the synthesis reaction [3, 4], as a source
of H2 for fuel cells [5–7]. Hydrogen itself is limited by storage
and transportation, requiring large storage tanks at pressures in
excess of 200 bar, so alternative hydrogen sources have been
widely investigated [8–11]. Traditional hydrogen sources such
as methanol and methane reforming produce COx by-products
which not only contribute to climate change but also poison
the membranes of PEMFCs [12, 13]. Whilst ammonia is a
potent poison itself (with tolerances < 1 ppm) [14] its removal
by absorber or through use of a membrane reactor have been
demonstrated to be highly effective [15, 16]. Ammonia can
be liquefied at moderate pressures and at ambient temperatures enabling it to be stored easily on-board and making it
compatible with the current liquid fuel infrastructure as well
as presenting a renewable alternative for stationary power
generators.
Alkali and alkaline earth metals have been demonstrated as
promoters for Fe in the ammonia synthesis reaction [17, 18]
and are well researched as promoters for Ru in the decomposition reaction [19, 20]. It has been shown that certain metals,
such as Ba, act as structural promoters by assisting the formation of the most active phase of the metal whereas other
metals, such as Cs, have been demonstrated to be electronic
promoters [21]. K is also well-investigated as a promoter for
the ammonia synthesis reaction, where it acts also acts as an
electronic promoter [22].
Cs has previously been shown to act as a promoter for Fe in
the NH3 decomposition reaction [23], however, to our knowledge detailed studies into the optimisation of the promoter
have not been reported. In this work, we investigate the optimal
loading of Cs as a promoter for Fe/Al2O3 catalysts prepared
through a simple co-impregnation technique. Through catalytic NH3 decomposition testing an optimal Cs:Fe ratio of ca.
1 was observed, above which the decomposition rate is significantly supressed. Characterisation through XRD, XPS and
N2 adsorption show this suppression of the promotion effect
to be due to the formation of a CsOH surface layer leading to
less exposed Fe sites. However, under optimal conditions we
demonstrate that Cs acts as an electronic promoter of Fe for
NH3 decomposition.
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2 Experimental
2.1 Chemicals
Iron nitrate (Fe(NO3) 3·9H 2O, ≥ 98%), Caesium Nitrate
( CsNO 3, 99.99%) and γ-alumina (γ-Al 2O 3, nanopowder < 50 nm particle size) were purchased from Sigma
Aldrich. 5000 ppm NH3/Ar was purchased from BOC. All
reagents were used as received.

2.2 Catalyst Preparation by Co‑impregnation
Fe(NO3)3·9H2O (5 wt%) and CsNO3 (0.1, 0.25, 0.5, 1 and
2 mol eq. Cs) were dissolved in deionised water and stirred.
Al2O3 was added and the resultant suspension was heated
at 80 °C until the excess solvent was removed and a thick
paste was formed. This paste containing the catalyst precursor was dried (110 °C, 16 h). The as-prepared catalyst was
then reduced in a tube furnace at 550 °C for 3 h with a heat
ramp of 10 °C/min under a flow of 5% H2/Ar. The catalyst
was tested immediately upon removal from the tube furnace
to minimise re-oxidation in air.

2.3 Ammonia Decomposition Reactions
Catalytic testing was carried out on pelleted catalyst samples (300–425 µm) in a quartz, fixed-bed flow reactor (i.d.:
6 mm, catalyst mass: 100 mg) under a flow of dilute N
 H3
(5000 ppm NH3/Ar, 100 ml/min) at 500 °C. These conditions were chosen to be comparable with many previous literature studies and also as they allow for a comparison of
all catalysts at the same temperature with no catalyst being
limited by equilibrium or being completely inactive. Before
the reaction, the catalyst was pre-treated under a flow of Ar
(100 ml/min) at 500 °C for 1 h to remove any surface contaminants. On-line analysis of the effluent gas stream was
carried out by Gasmet DX4000 Fourier-Transform Infra-red
spectrometer (FT-IR) and the conversion was calculated
after steady-state was achieved. Experimental error on this
testing set-up has been determined as ± 2% through the triplicate testing of six different catalysts exhibiting conversions
between 3 and 76%.

2.4 Characterisation
X-ray photoelectron spectroscopy (XPS) was carried out
using a Thermo Fisher Scientific K-alpha + spectrometer.
A monochromatic Al K
 α X-ray source was used to analyse
the samples over an area of 600 × 400 microns. Data was
recorded at energies of 150 eV for survey scans and 40 eV
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for high resolution scans with a step size of 0.1 eV. The
neutralisation of charge was achieved through low energy
electrons and argon ions.
XRD patterns were attainted by mounting samples in
an in-situ cell under an N
 2 flow and patterns were analysed using a Panalytical X’Pert diffractometer with a
Cu X-ray source operating at 40 kV and 40 mA. Patterns
were attained by 20 min scans over a range of 5–80° 2θ
angles. Phase identification was performed by matching
experimental patterns against entries from the International Centre for Diffraction Data (ICDD) database.
Temperature programmed reduction (TPR) was performed using a Quantachrome ChemBET Pulsar and the
associated TPRWin software. 50 mg catalyst was fixed
between two quartz wool plugs in the analysis tube and
was pre-treated at 160 °C (20 °C/min heating rate) for
60 min under an Ar flow. Reduction of samples was then
carried out using 10% H
 2/Ar from room temperature to
600 °C with a heating rate of 5 °C/min.
Specific surface area measurements were carried out
using a Quantachrome Quadrabsorb. Catalyst in the order
of ca. 10 m 2 was degassed for 16 h at 250 °C before N2
physisorption was performed at 77 K. Specific surface
area was calculated using the BET equation with 5 points
in the linear region 0.05–0.35 p/p0.

Fig. 1  a Time on-line results for the Cs-promoted Fe catalysts: 0.1Cs
(filled circle), 0.25Cs (filled triangle), 0.5Cs (inverted filled triangle),
1Cs (filled diamond) and 2Cs (left filled triangle); and Fe (0Cs, filled
square). b Effect of Cs loading on ammonia decomposition activity at

3 Results and Discussion
Five Cs-promoted catalysts, referred henceforth by the molar
ratio of Cs (e.g. 0.1Cs etc.), were prepared and tested for
NH3 decomposition at 500 °C for 24 h and compared to an
unpromoted Fe catalyst, as shown in Fig. 1a. The unpromoted catalyst exhibits a low conversion of 4% across the
24 h tested, however, all Cs-promoted catalysts show an
enhancement in activity confirming the use of Cs as a promoter, with the highest conversions achieved being ca. 70%.
This is a vast improvement over the unpromoted catalyst,
however it is still some way short of the equilibrium conversion of 99.7% for this temperature (500 °C). It is interesting
to note that all promoted catalysts exhibited induction periods, however, these varied with Cs loading. Previous Cspromoted studies reported that Cs was present in the hydroxide form, CsOH [20]. Compounds of Cs are known to have
low melting points (CsOH = 272 °C, C
 s2O = 490 °C) and
therefore at the reaction temperature (500 °C) are likely to
exhibit surface mobility. This sort of mobility is well-known
for other alkali metal promoters such as K [24]. As contact between the promotor and active metal is required for
electronic promotion on a non-conducting support such as
Al2O3, we consider that during this period the mobility of Cs
can allow it to disperse over the catalyst surface, contacting
more Fe and thus creating more promoted Fe sites. Although
all care was taken to minimise air exposure and transfer time
between catalyst reduction in a tube furnace and testing, it

24 h time-on-line. Conditions for both: 100 ml/min 5000 ppm N
 H3/
Ar, 100 mgcatalyst, 500 °C. Equilibrium conversion at this temperature
is 99.7%
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is also possible that some Fe became re-oxidised. Therefore, another contribution to this induction period may be
the reduction of Fe by H2 produced in the reaction, thus
creating more active sites and increasing activity. In order
to compare these catalysts, the conversion after 24 h, when
all catalysts had reached a steady-state conversion, was used
and is shown in Fig. 1b.
Initially, increasing the Cs concentration leads to an
enhancement in activity, however, at Cs:Fe > 1, the activity
enhancement is diminished. It can be seen that the optimal
Cs:Fe ratio lies between 0.5 and 1 due to the catalysts exhibiting similar conversion at 24 h. This can be reasoned by a
balance between the enhancing properties of Cs and by an
inhibiting effect caused by excess Cs, as seen with the 2Cs
sample. When an 11 wt% Cs/Al2O3 catalyst (i.e. equivalent
to Cs:Fe = 1) without Fe was tested it exhibited no activity,
consistent with previous literature [20].
To investigate the active form of the catalyst, post-reaction samples were analysed by XRD, XPS and N2-adsorption
analysis. To minimise any changes in the post-reaction samples they were removed from the reaction tube in a glovebox
and stored under a N2 atmosphere.
XRD was performed on post-reaction samples under a N
 2
atmosphere in an in-situ XRD cell and diffraction patterns
are shown in Fig. 2. Six reflections are present at 32, 37,
39, 47, 62 and 68°2θ corresponding to γ-Al2O3 [25] and are
due to the (220), (311), (222), (400), (333) and (440) planes
of Al2O3 respectively [26]. No Fe or F
 exOy phases were
observed in any sample. Given that the expected Fe phases
(Fe0, FeO, Fe2O3) are crystalline indicates that these are
present below the detection limit (~ 4 nm) of the technique.
From this we can say that the co-impregnation method used

has produced well-dispersed and small Fe nanoparticles that
maintain their dispersion and do not agglomerate to a large
extent (indeed not above the detection limit) under 24 h of
reaction conditions. The small, sharp peak at 29°2θ is due
to the sample holder of the in-situ instrument. As the Cscontent of the catalysts increases the γ-Al2O3 reflections
become weaker, with the 32° 2θ and 62° 2θ reflections being
indefinable in the 2Cs catalyst. This suggests that an amorphous layer is forming on top of the support and attenuating
the reflections of the Al2O3 support, as has been observed
by TEM previously [27]. Cs has a high mass attenuation
coefficient and as such absorbs X-ray radiation readily. As
the Cs content of the catalyst increases and the CsOH layer
grows thicker, more diffracted X-rays would be scavenged
leading to the weaker reflections observed.
N2-adsorption measurements were taken and the specific surface area was calculated using the BET equation
as shown in Table 1. The addition of a low concentration
of Cs has a negligible effect on the surface area, however at
Cs:Fe > 1 the surface area decreased significantly, with the
surface area of the 2Cs catalyst being almost half that of the
Al2O3 support. This supports the analysis of the XRD data,
that an amorphous layer of CsOH forms which blocks pores
and lowers surface area. The modest increase in surface area
for the 0.5Cs catalyst could be due to an increase in surface
roughness due to islands of CsOH on the Fe/Al2O3.
The characterization by N
 2-adsorption and XRD suggests
that the inhibition of Cs-doped Fe/Al2O3 at Cs:Fe > 1 is due
to the growth of a CsOH layer that blocks active sites. This
is in agreement with the results observed by Hill et al. for
Cs-promoted Ru catalysts. Using the conversion at 500 °C
after 24 h the surface normalized activity was calculated
and is also shown in Table 1. Again this shows that activity initially increases with increasing Cs concentration,
however, when normalised for surface area the 1Cs catalyst
(105.4 mmolNH3 m−2 h−1) is ca. 20% more active than the
0.5Cs catalyst (82.0 mmolNH3 m−2 h−1) and this was not evident from time-on-line data. When normalized for the lower
surface area, the 2Cs catalyst (75.5 mmolNH3 m−2 h−1) is still
one of the least active catalysts, again demonstrating that
Table 1  Post reaction BET surface area and surface normalised activity at 24 h T.O.L. for Cs-promoted Fe/Al2O3 catalysts

Fig. 2  XRD patterns of Cs-promoted Fe catalysts. Al2O3 reflections
are indicated by filled circle and the reflection labelled with a filled
square is due to the sample holder
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Catalyst

Surface Area
(m2/g)

Conversion after
Activity
24 h (%)
( NH3 m−2 h−1
mmol
)

Al2O3
0.1Cs
0.25Cs
0.5Cs
1Cs
2Cs

124
122
129
144
112
70

0
14
59
67
67
30

n/a
20.2
80.6
82.0
105.4
75.5
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the Cs concentration must be carefully balanced between
enhancing activity without blocking active sites.
X-Ray photoelectron spectroscopy was used to investigate the state of both Fe and Cs in the samples. Figure 3
illustrates Cs 3d and Fe 2p/3 regions of the XPS spectrum.
The large peak at 724.0 eV is attributed to CsOH which
confirms the assumption from XRD data that the majority of the Cs is present as an amorphous hydroxide phase.
The intensity of the peak increases as the Cs concentration
increases, as expected. It is important to note that although
care was taken to minimise contact of post-reaction samples with air, this does occur for a brief period during
XPS sample mounting and may have an effect on sample
speciation. The broad peak between 705 and 715 eV is due
to two Fe species; FeO (708.7 eV) and Fe2O3 (710.7 eV)
are shown in the highlighted section of Fig. 3. As XPS
is a surface sensitive technique, this data can also give
information on the composition of the reactive surface of
the catalysts. As the Cs concentration increases the Fe
signal decreases in intensity. This is further illustrated by
the ratio of Cs:Fe as shown in Table 2 where the observed
ratio is much higher than calculated in all samples. Even in
the 0.1Cs catalyst, with the lowest promoter concentration,
the observed Cs:Fe is 0.4, 4× higher than expected. The
0.25Cs and 0.5Cs catalysts also have an observed Cs:Fe
of ca. 4× higher than expected (1.2 and 1.9, respectively)
and in the higher Cs catalysts, 1Cs and 2Cs the observed
Cs:Fe is ca. 3× higher (3.4 and 6.2, respectively). This

Table 2  Ratios of expected and observed Cs and Fe species calculated from the XPS data in Fig. 3
Catalyst

Calculated
Cs:Fe

Observed
Cs:Fe

Cs:Al

FeO:Fe2O3

0.1Cs
0.25Cs
0.5Cs
1Cs
2Cs

0.1
0.25
0.5
1
2

0.4
1.2
1.9
3.4
6.2

0.02
0.05
0.10
0.12
0.27

0.12
0.18
0.18
0.20
0.36

demonstrates that due to the Cs covering the catalyst
and lowering the surface area, there is less exposed Fe
accessible for the reaction and this leads to the decrease
in activity at higher concentrations. We consider that the
lack of exposed Fe sites has a much greater effect than the
loss of surface area in general and this is supported by
the data in Table 1 that shows that despite the 1Cs catalyst having the second lowest surface area it has the joint
highest conversion (and consequently the highest surface
normalised activity). This also illustrates the need for a
balanced promoter loading, as contact between promoter
and active metal are required for the electronic promotion (as is discussed further on), however, this contact also
reduces exposed active metal surface. The Cs:Al ratio is
also presented and increases with Cs concentration from
0.02 to 0.27, demonstrating that the support is covered by

Fig. 3  (Left) The Cs 3d and Fe 2p/3 regions of the XP spectrum and Right) A zoom-in of the Fe 2p/3 region for (a) 01.Cs (b) 0.25Cs (c) 0.5Cs
(d) 1Cs (e) 2Cs. Deconvoluted based on three Fe species: Fe0 (yellow), FeO (green) and F
 e2O3 (blue)
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progressively more Cs and further supporting the formation of a CsOH layer as observed XRD and BET.
Table 2 shows that the FeO:Fe2O3 ratio increases with Cs
concentration and suggests an electronic interaction between
the Cs and Fe, as we consider the presence of Cs enhances
the reduction of Fe. Previously, it has been shown that Cs
acts as an electronic promoter for CNT supported Ru for
this reaction [20].
H2-TPR was performed on three promoted catalysts along
with the unpromoted Fe catalyst and the Cs/Al2O3 sample
(Fig. 4). These catalysts were prepared in the same way as
the tested catalysts however they were not subjected to the
reduction step in a tube furnace. Analysis of the resultant
TPR profile of the unpromoted Fe catalyst shows H
 2 uptake
from ca. 250 °C with a maximum at 315 °C and the supported Cs sample shows a reduction peak at ca. 490 °C.
However, the Cs-Fe catalysts exhibit only a broad reduction peak where the peak maxima increases with reduction
temperature. The onset of this reduction peak remains at
ca. 250 °C indicating that the reducibility of the Fe is not
modified but that the Fe, once reduced, facilitates the reduction of the Cs. This could be due to the ability of metallic
Fe to dissociate H
 2 which can subsequently spillover to Cs
[28]. A similar “facilitated reduction” phenomenon has been
observed for Cs-promoted Ru catalysts reported previously
[19]. This spillover mechanism also demonstrates that the Fe
and Cs are in intimate contact with each other which would
be required for electronic promotion by the Cs as will be
described in detail further on. As the concentration of Cs
increases, the reduction peaks shift to higher temperatures,
due to less exposed Fe from which hydrogen spillover can
occur, this is consistent with the XPS findings. The hydrogen
uptake also increases as shown in Table 3 due to the higher
concentration of Cs.

Fig. 4  H2-TPR profiles of unpromoted Fe (0Cs), promoted Fe (0.5Cs,
1Cs and 2Cs) and Fe-free (Cs) catalysts
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Table 3  Reduction temperatures and the hydrogen uptake per gram of
catalyst for the catalysts derived from the H
 2-TPR illustrated in Fig. 4
Catalyst

Reduction temp. (°C)

H2 Uptake
(µmol g−1)

Fe/Al2O3
Fe/Al2O3-0.5Cs
Fe/Al2O3-1Cs
Fe/Al2O3-2Cs
Cs/Al2O3

315
340
360
395
490

1.47
2.22
3.14
3.78
3.24

The promotional effect of alkali metals on supported
metal nanoparticle catalysts has been widely studied and
it is generally accepted that they function as chemical promoters, as opposed to structural promoters [20, 21]; that
is they work by altering the reactive species on the active
metal and not by stabilising a certain facet or site of said
metal nanoparticle. This promotional mechanism has been
studied in detail via a number of model studies as it is also
common in large-scale industrial processes such as the
Fischer–Tropsch reaction and it has been shown that when
in contact with the metal, the alkali metal becomes polarised, leading to a dipole moment on the active metal which
alters the chemistorption of reactants or intermediates with
respect to the unpromoted metal [29]. In the context of
the ammonia decomposition reaction, this weakens the
adsorbed N* species on the metal and subsequently facilitates its recombinative desorption, which has been shown
to be the rate-determining step, thus enabling an efficient
turnover of active sites and therefore increasing the rate of
reaction. The mobility of Cs that was previously suggested
as a cause of the observed induction period is also a wellknown phenomenon for alkali promoted catalysts. Potassium, which is commonly used as a catalyst promoter in
both ammonia synthesis and Fischer–Tropsch procesess is
understood to be mobile, subsequently it is lost over time
in industrial-scale processes [24, 30]. Consequently, these
catalysts require re-activation during their lifetime. Given
that the melting point of Cs0 as well as its oxides being
lower than those of K, it is reasonable to expect that these
same phenomena will be observed in this system over a
prolonged period of testing. This electronic effect may
only exist under reaction conditions as XPS and H2-TPR
measurements indicated that the presence of Cs enhances
Fe reduction. However, the modification of the oxidation
state of Fe in the presence of Cs confirms the interacton
between the two supported phases and the origin of the
observed increase in catalyst performance. The lowered
Cs reduction temperature due to hydrogen spillover from
the Fe demonstrates the intimate contact between Fe and
Cs that is required for this promotional mechanism.
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4 Conclusions
The remarkable activity enhancements of Fe/Al2O3 catalysts
with the addition of Cs were demonstrated. The optimal Cs
loading was found to be where Cs:Fe = ca. 1. Below this,
activity is lower due to a less effective promotional effect,
however, above this value activity decreases due to the formation of a surface layer of amorphous CsOH and lowers
the catalyst surface area. TPR and XPS measurements demonstrated that Cs acts as an electronic promoter and significantly increases the catalytic activity. This was ascribed to a
donation of electron density to Fe, which facilitated desorption of adsorbed N* species. Interestingly, a long induction
period was observed in some samples, which was ascribed
to mobile Cs on the surface of the catalyst.
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