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Abstract:  FeCo fused catalyst was obtained by fusing  iron and cobalt oxides with an 
addition of calcium, aluminium, and potassium oxides (CaO, Al2O3, K2O). An additional 
amount of potassium oxide was inserted by wet impregnation. Chemical composition of 
the prepared catalysts was determined with an aid of the XRF method.  On the basis of  
XRD analysis it was found that cobalt was built into the structure of magnetite and solid 
solution of CoFe2O4 was formed. An increase in potassium content develops  surface area 
of the reduced form of the catalyst, number of  adsorption sites for hydrogen, and the 
ammonia decomposition rate. The nitriding process of the catalyst slows down the 
ammonia decomposition. 
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1. Introduction 

Intensive investigations over hydrogen usage as a source for energy production are being conducted 
currently. Hydrogen application encompasses energy production in fuel cells, in stationary as well as 
portable devices. The fuel cells applications in transport means seem to be especially promising [1]. 
Hydrogen production in the ammonia decomposition reaction has some advantages in comparison with 
conventional methods as steam reforming, coal gasification, and biomass catalytic gasification. First of 
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all hydrogen from the ammonia decomposition contains no COx, which have poisoning impact on 
catalysts for fuel cells [2]. Liquid ammonia may be easier stored than hydrogen [1].  Infrastructure for 
ammonia production is developed very well and technology of ammonia is well known. 

Taking into consideration ammonia decomposition thermodynamics it is a convenient process. At 
400 oC, under 1 atm. equilibrium degree reaches a value  above 99% [3].  The ammonia decomposition 
reaction is being studied intensively to find new systems of active catalysts. 

Previous investigations showed that elements from group VIII (Ru, Fe, Co, Ni, Ir, Rh) [3, 4, 5, 6] 
and carbides/nitrides[7,8] of molybdenum, vanadium, and tungsten catalyses ammonia decomposition 
reaction into hydrogen and nitrogen. Supported ruthenium catalysts show the highest activity in the 
ammonia decomposition reaction [3]. The limiting stage of the ammonia decomposition is a desorption 
of nitrogen atoms[9].  

Iron binds nitrogen atoms strongly, iron catalyst surface saturates itself what finally, especially at 
lower temperatures, leads to a kind of poisoning [10]. Ammonia decomposition rate depends on a 
degree of nitrogen saturation of the iron surface. Limited availability of noble metals and a relatively 
low activity of non-noble metals induce to further works on optimization of catalytic systems for 
ammonia decomposition working at lower temperatures. Both theoretical [5, 9, 11] and experimental 
studies [12] show that bimetallic systems are promising catalysts for that reaction. The fundamental 
rule of that idea is to bind together to metals with opposite affinity towards nitrogen atoms e.g. CoMo  
or FeCo.  

The activity of catalysts in the ammonia decomposition reaction is connected with a sort and 
content of promoters. Special role is played by electron-donor promoters such as potassium [3], 
caesium[13] or barium[14]. In the studies [13] it was presented that an increase in caesium content in 
ruthenium/nanotubes catalyst had caused an increase in ammonia decomposition degree and an 
decrease in the activation energy. 

In this paper the impact of potassium oxide content on structural and catalytic properties of FeCo 
catalyst is presented. Distribution of nanocrystallites size in the reduced form of the catalyst, made 
according to the previously elaborated method based on measurements of the rate of the nitriding 
reaction of the catalyst, is presented. 

2. Experimental  

FeCo fused catalyst was obtained by fusing magnetite with an addition of calcium, aluminium, and 
potassium oxides (CaO, Al2O3, K2O). During the melting process cobalt(II, III) oxide was added .The 
prepared alloy of the catalyst was crushed and formed grains of the diameter in the range from 1.0 to 
1.2 mm were separated for tests. Chemical compositions of the catalyst was determined with the aid of 
the X-ray fluorescence method (XRF) using Panalytical spectrometer, non-standards Omnian method 
was applied. XRD method was applied to identify catalyst phase composition before and after tests 
(Philips  X’Pert Pro). Measurements of the specific surface area of the catalyst in the reduced form 
were performed using a single-point BET method with an AutoChem II 2920  Micromeritics 
apparatus. Before tests samples were being reduced with hydrogen at 600oC by 16 hours. 

In order to increase a content of potassium in the catalyst, catalyst was impregnated with water 
solution of KOH. Before the impregnation process, the catalyst was reduced. The reduction process 
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was carried out at hydrogen atmosphere (99,999%) from 20 oC to 600 oC with a heating rate of 15oC/ 
min. under ambient pressure. 

 A series of kinetic measurements of the nitriding process was made for 100% ammonia at a reactor 
inlet and next nitrides reduction with pure hydrogen at 400 oC. Results of these measurements were 
used to determine a size distribution of the crystallites with a chemical method described in a paper 
[15]. This method allows to determine a size distribution of crystallites of the reduced form of  the 
catalysts.   

Activity tests of the catalyst in the ammonia decomposition reaction were carried out in a 
differential reactor connected with thermogravimeter. Some 0.5 g of the oxidized catalyst of 
granulation of 1.0 – 1.2 mm was placed in a platinum basket as a monolayer bed. Before the ammonia 
decomposition and the nitriding tests, catalyst was reduced with pure hydrogen at 600 oC. 
Measurements of catalysts activity were performed in the temperature range from 400 to 600 oC under 
ambient pressure. The ammonia decomposition reaction was tested in the range of ammonia 
concentration at the reactor inlet from 0 to 100 %. Total gas flow was constant – 200 sccm.  

Changes of the gas phase, ratio  NH3/H2, at the reactor inlet were made after reaching a stationary 
state and when all tests at these conditions were made. Gas phase content changes at the reactor inlet 
were made to change the value of the nitriding potential P = pNH3/ pH2

1.5 at the reactor. 
The concentration of hydrogen at the outlet of the reactor was measured on the basis of the thermal 

conductivity of gas and the concentration of hydrogen assuming stoichiometric decomposition of 
ammonia at the stationary state [6]. Conversion degree of ammonia αNH3 was calculated from an 
equation 1.   
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Where: Fo – total gaseous reactants flow at the reactor inlet, mol⋅s-1, Fo
H2 and Fo

NH3 – hydrogen and 
ammonia flows at the reactor inlet, mol⋅s-1, XH2 – molar concentration of hydrogen in the reactor, mol 
·mol-1. 

On the basis of degree of ammonia decomposition under given conditions of temperature and 
ammonia flow rate at the reactor inlet the rate of the ammonia decomposition reaction, related to mass 
of catalyst, was calculated from an equation 2. 

Eq. [2]           rdecomp=αNH3⋅ o
NHF 3 /mcat 

Where: αNH3-degree of ammonia decomposition, o
NHF 3 - ammonia flow in the reactor inlet, mol ·s-1, 

mcat - mass of catalyst, g.      
A gas phase analysis and changes taking part in the solid phase during the ammonia decomposition 

process were being observed simultaneously. 

3. Results and Discussion   

Chemical composition of the catalyst obtained in the melting process was determined with XRF 
method and was as follows: 1.05wt% Al2O3, 1.23wt% CaO, 0.21wt% K2O, 4.8wt% Co3O4. The rest 
was composed of  iron oxide Fe3O4. As a result of potassium hydroxide impregnation two additional 
catalysts were prepared with potassium oxide content of 0.47wt.% i 0.87wt.% respectively.  In that 



                           
 

 

4

way three catalysts varying one another of potassium oxide content, what was included into the 
catalyst names FeCo(0.21), FeCo(0.47), FeCo(0.87), were prepared.  

On the basis of XRD analysis, Fig. 1, it was found that cobalt atoms were built into magnetite 
structure forming a solid solution. X- ray peaks were attributed to CoFe2O4 phase according to the 
JCPDS (01-077-0426) card . 

 
Figure1. X-ray pattern of the oxidized form of the FeCo(0.21) catalyst. 

 

 
An insert of additional amount of potassium oxide into the system did not have an influence on a 

phase content of the catalysts, X-ray patterns were not presented. 
Specific surface areas of the reduced forms of the catalysts and volumes of desorbed  hydrogen after 

TPD-H2 process were showed in Table 1. The specific surface of the reduced catalysts increase while 
potassium oxide content rises. The increase in the specific surface area influences on a sorption of 
hydrogen. 

 
Table 1. Specific surface area of the catalysts in the reduced form and volume of absorbed 

hydrogen in the TPD-H2 process.  
 

Catalyst 
SBET 

[m2/gcat] 
VH2 
[cm3/gcat] 

FeCo(0.21) 10.50 0.3085 

FeCo(0.47) 11.28 0.3111 

FeCo(0.87) 12.49 0.3154 

Changes of katharometer signal, connected with changes of hydrogen content and temperature for 
catalysts with various content of potassium oxide are presented in Fig. 2. 
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Figure 2. TPD-H2 of the catalysts modified with potassium. 

 
Two maxima were observed on the curve of TPD-H2, the first one at about 66 oC and the second 

one at about 165 oC. With the increase in the K2O content in the catalyst number of active adsorption  
sites for hydrogen with weaker bond energy on the catalyst surface increases too. 

Results of measurements of nitriding degree of FeCo(0.21) catalyst in the nitriding process 
(ammonia of 100 % at the reactor inlet, temperature of 400 oC) and nitrides reduction were showed in 
Fig. 3. Nitriding degree, mN,  was defined as a ratio of nitrogen mass at the given moment of the 
process to mass of metallic phase of α−FeCo, mFeCo. In the plot changes of hydrogen content in the gas 
phase during the reaction were also presented. Contents of the others components of gas phase were 
determined on the basis of the reactor mass balance. 

 
Figure 3. Thermogravimetric curve and changes of hydrogen content determined for nitriding 

process of the alloy FeCo(0.21) catalyst (ammonia content at the reactor inlet -100 %, temperature -  
400 oC)  

 



                           
 

 

6

An observed mass change of the catalyst, 0.003 g/g,  in the initial stage (about 100 s), was 
connected with a nitrogen dissolution in the metallic phase of α-(FeCo). In the next stage an increase in 
mass runs until reaching an inflection point at mN = 0.053 g/g connected with formation of γ’-
(FeCo)4N phase and its saturation with nitrogen. Above that level a new phase, ε-(FeCo)3N, comes into 
being. Mass stabilization takes place at mN = 0.09 g/g. Stationary state was settled, in which mass of 
the catalyst and gas phase composition are constant. Next, obtained nitrides  were reduced with 
hydrogen. 

Nitriding degree  and shapes of TG curves obtained in several cycles ( on the plot only two cycles 
are presented, in fact many cycles were carried out)  are the same, what indicates to catalyst structure 
stability during the run of experiment. 

Analysing the nitriding process, it can be noticed that mass of the sample and gas phase 
composition were stabilized after about 1000 s. During the reduction stabilization of the solid phase is 
very fast – 300 s, while gas phase needs more time to be stabilized, what is sometimes connected with 
gas exchange in the reactor. 

After differentiating AB curve  interval form Fig. 3, the rate of nitriding process was determined 
(Fig. 4.). 

 
Figure 4. Nitriding reaction rate (ammonia content at the reactor inlet -100 %, temperature - 400 

oC). 

 
   
 After transformation function from DTG = f(t) into DTG = f(α) rates of forming γ’ and ε phases 

were separated (Fig. 5). Conversion degree α defined as ratio of mass of  bound nitrogen at  given 
while of the reaction and mass of nitrogen in just forming γ’ nitride phase. 
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Figure 5. Rate of nitriding reactions of  α-FeCo into  γ’ phase and  γ’ phase into ε phase, (ammonia 
content at the reactor inlet -100 %, temperature -  400 oC). 

 

 
For further calculation data concerning the rate of γ’ phase forming were applied. The rate of the 

nitriding reaction as a function of nanocrystallites size distribution may be described by the following 
equation : 

 
rnit = k (P-P0) f(α) 

k – nitriding reaction rate constant; P0 – minimum nitriding potential required to start the nitriding 
reaction. 

On the basis of the above equation and an assumption that specific surface area equals 10.5 m2/g, 
distribution of nanocrystallites size was determined. 

 
Figure 6.  Distribution of nanocrystallites size the reduced FeCo catalyst. 
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From the distribution crystallites size showed in Fig. 6 it was found that crystallites of various size 
are presented in the catalyst. Crystallites of  about 5 nm size participate in the largest volume, next 
maximum is visible for 30 nm. 

The characterized material was used to make measurements of the rate of the ammonia catalytic 
decomposition at conditions of ammonia content at the reactor inlet in the range from 0 to 100%. 
Results of thermogravimetric measurement and changes of hydrogen content in the gas phase at the 
reactor outlet as a function of time were plotted in Fig. 6. 

 
Figure 6. Hydrogen concentration changes and the nitriding degree vs. time at temperature 400 oC. 
 

 
Stationary states, in which hydrogen content do not change and the ammonia decomposition rate is 

constant, settle in about 500 s after a step change in gas mixture feeding the reactor. Catalyst mass 
change connected with the nitriding process was also observed. It was expressed as a ratio of number 
of moles of nitrogen and number of moles of catalyst. The maximum increase in catalyst mass was 
registered for ε phase. 

Changes of the ammonia decomposition reaction rate as a function of logarithm of nitriding 
potential (lnP=pNH3/pH2

1.5) at temperatures of 600, 550, and 475oC and mass changes of the catalysts 
during the  ammonia decomposition process at 475oC are shown in Fig. 7.  
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Figure 7.  Dependence of the ammonia decomposition rate  as a function of nitriding potential 
(lnP=p NH3/pH2

1.5) for the catalyst with a low content of potassium oxide: a) at 600 oC, b) at 550 oC, c) 
at 475 oC, d) mass changes of the catalysts during the ammonia decomposition process at 475 oC as a 
function of the logarithm of the nitriding potential. 

 
 

 

 
 
Ammonia decomposition rate was calculated from gas phase content in stationary states. At 600oC 

the rate ammonia decomposition increases while nitriding potential increases. At these conditions mass 
changes of the catalyst were not observed. At 550 oC it was observed that from a value of nitriding 
potential of about lnP = -7 tha ammonia decomposition rate settles at a constant level. Mass change, 
0.1 mol N/ mol FeCo, was also observed. At the lower temperature of 475 oC, above lnP = -7 a 
decrease in the reaction rate was registered. Simultaneously a decrease in the reaction rate and an 
increase in catalyst mass were measured. The dependence of catalyst mass changes as a function of 
logarithm of nitriding potential was presented in Fig. 7d. While ammonia content in the reactor 
increases catalyst mass increases too. Stoichiometric compositions corresponding to γ’-(FeCo)4N i 
ε−(FeCo)3N phases were marked with vertical lines. At the same conditions higher nitriding degree 
was achieved for the FeCo(0.87) catalyst, which contains more potassium oxide. 

Presence of these phases was confirmed with the roentgen diffraction method,  Fig. 8. 
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Figure8. XRD patterns of the catalysts after ammonia decomposition at 475oC. 
 

 
On all X-ray patterns there are visible peaks belonging to  γ’-(FeCo)4N,  ε−(FeCo)3N, and solid 
solution of iron and cobalt phases. 

 

4. Conclusions  

Potassium oxide develops specific surface area of the catalyst and increases a number of adsorption 
sites for hydrogen. An increase in potassium oxide content enhances catalyst activity in the ammonia 
decomposition reaction. At the temperature of 475 oC the nitriding process of the catalyst takes place 
and a new phase is being formed over which the ammonia decomposition rate decreases. 
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