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ABSTRACT 

This thesis describes the preparation and characterisation of two catalysts, MnCo2O4 
and Raney nickel, both of which can be used as catalysts in a number of different reac-
tions. The activities of the catalysts were examined in electrode reactions in an alkaline 
fuel cell (AFC). 

Decomposition of mixed Mn-Co nitrates and the formation of spinel MnCo2O4 were 
studied by thermogravimetry and by heat treatments in a furnace. The nitrates were 
heated in pure form or supported on carbon powder. The supported nitrates decomposed 
at lower temperature than the pure nitrates and produced less non-stoichiometric spinel 
with smaller crystallite size. Both the nitrates and spinel enhanced the oxidation of car-
bon. A microwave-assisted route synthesis (MARS) was developed for the preparation 
of MnCo2O4. Under the conditions employed preparation by MARS was possible only 
when carbon (minimum 13 wt.%) was present as a microwave susceptor. The nitrates 
supported on carbon were heated in cycles of a few minutes with cooling in between. 
This procedure ensured the sufficiently slow oxidation of carbon and formation of 
spinel, unlike continuous microwave heating, which led to vigorous carbon burn-off and 
the formation of undesired phases. The microwave treatment to produce spinel could be 
shortened to one minute if most of the nitrates had first been decomposed at 200 °C in a 
furnace. Spinel-carbon catalysts prepared by the optimised MARS contained ~10 wt.% 
carbon and had combined surface area of 100 m2/g and small spinel particle size 
(<30 nm). The combined surface areas of the spinel-carbon powders increased with the 
carbon content. The catalytic activity towards oxygen reduction reaction improved as 
the amount of carbon in the powders increased up to ~10 wt.%. Increase in the carbon 
content beyond this value did not improve the catalytic activity for oxygen reduction 
reaction. 

Metal dopants improved the catalytic activity of the Raney nickel catalysts for hydrogen 
oxidation reaction in the order Fe<Cu<Ti<La<Cr. Doping with Cr and Ti gave the best 
long-term stability. During the electrochemical experiment the surface concentration of 
Cr increased through formation of chromium oxide on the electrode surfaces. The Ra-
ney nickel catalysts displayed typical surface areas of 50–80 m2/g. However, high con-
tents of aluminium and oxygen in the samples indicated that the preparation process 
was not optimal. The catalytic activity could be improved through optimisation of the 
preparation process. 
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1 Introduction 

This thesis describes the preparation and characterisation of two catalysts, MnCo2O4 
and Raney nickel, which can be used as catalysts for a variety of reactions. The activi-
ties of the catalysts in alkaline fuel cell reactions were studied. MnCo2O4 was used as 
catalyst on the fuel cell cathode for oxygen reduction reaction (ORR) and Raney nickel 
on the anode for hydrogen oxidation reaction (HOR).  

Oxidation of a fuel and the reduction of oxygen on fuel cell electrodes produces an elec-
tric current. A fuel cell resembles a battery and can be used with it or to replace it. 
Whereas a battery has to be replaced or recharged once the active materials stored in-
side it have been consumed, a fuel cell will produce current as long as gaseous fuels and 
oxidants are fed to it. Fuel cells are environmentally friendly and have higher electric 
efficiency than e.g. combustion engines. Fuel cells have found use in transport from bi-
cycles to ships and spacecraft and can be used to power devices as small as mobile 
phones, as well as to provide electricity to homes and factories [1]. Several types of fuel 
cells exist, differing in operating temperature, the electrolyte, and the electrode reaction 
mechanisms. In fuel cells operating at low or intermediate temperatures, catalysts on the 
electrodes are required for the electrode reactions to occur efficiently. One definition of 
a catalyst is [2]: “A catalyst is a substance that increases the rate at which a chemical 
reaction approaches equilibrium without itself becoming permanently involved in the 
reaction.” A solid catalyst must have high surface area and small particle size, high po-
rosity and stable chemical structure in order to deliver high reaction rates. These proper-
ties are affected by the method of preparing the catalyst.  

Porous metal oxide catalysts, MnCo2O4 among them, can be synthesised by several 
methods, including decomposition of salts, combustion, sol-gel method, and spray pyro-
lysis [3]. A quite new approach for rapid and energy-saving preparation of catalysts is 
the microwave assisted method. The microwave-assisted method for the preparation of 
MnCo2O4 that is described here (papers I–III) had not been reported before this work 
began. The effect of the heating conditions, the pretreatment (papers I and II) and the 
amount of carbon (paper III) are described. The precursor materials for the preparation 
of MnCo2O4 were metal nitrates and carbon, both of which are widely used in the syn-
thesis of catalysts. The use of carbon powder can be considered advantageous for sev-
eral reasons. First, when metal compound solutions are impregnated into carbon, the 
crystallisation occurs in small carbon pores. Precursors supported this way not only can 
decompose at a low temperature, but also can produce metal oxide with small particle 
size. The carbon can either be removed or allowed to remain in the final product. Sec-
ond, if the precursor materials do not absorb microwaves well enough to react in a mi-
crowave oven, an internal heater, or susceptor, that absorbs microwaves better needs to 
be applied. Carbon is a good susceptor. Third, carbon is used as a catalyst support in the 
AFC electrodes, to increase the electric conductivity, and it also has moderate catalytic 
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activity towards ORR. The presence of carbon in the catalysts is therefore considered 
not just necessary but an advantage in this work. Since no study on the effect of differ-
ent amounts of carbon on the MnCo2O4 formation was found in the literature, this in-
formation is provided in the present study (paper IV). 

Raney nickel is applied for a wide range of catalytic reactions. It is prepared by leaching 
aluminium from a Ni-Al alloy, which leaves behind a porous nickel with high surface 
area. The properties of the Raney nickel can be modified by varying the conditions of 
synthesis, such as heating temperature and cooling rate of the Ni-Al alloy, the tempera-
ture of leaching, and the addition of small amounts of dopants. Dopants are used to in-
crease the activity, stability, and electrical conductivity. A modified method to prepare 
Raney nickel with active dopants Cr, La, Ti, Cu, and Fe, and the effect of these doping 
metals on the catalytic activity are reported in paper V.  

Detailed experimental information can be found in the original papers I–V; only the 
main features will be presented here. The background to the work and a review of the 
relevant literature are presented in chapter 2. The preparation and properties of 
MnCo2O4 are discussed in chapter 3, and the preparation and doping of Raney nickel 
and its properties in chapter 4. 

 

2 Background 

2.1 Fuel cells  

Fuel cells resemble batteries, but while a battery has a limited service life, fuel cells can 
operate continuously as long as fuels and oxidants are fed to them. Unlike the solid ma-
terials typically used in batteries, the reactants fed to a fuel cell are generally gaseous or 
liquid, as with conventional fuels used in heat engines [4]. Thus, the term “fuel cell” has 
become the popular term for these devices. The electrode reactions in a fuel cell are the 
reduction of oxygen on the cathode, and the oxidation of fuel, usually hydrogen, on the 
anode. Oxygen can be taken from the surrounding air or from pressurised O2 containers. 
Hydrogen can be supplied to the fuel cell from pressurised H2 containers or from mate-
rials that can absorb and desorb hydrogen such as certain metal alloys and carbon mate-
rials [5]. Ammonia, methanol, liquefied petroleum gases, natural gases, and biofuels are 
other choices for the fuel [6, 7]. All these fuels can be fairly economically converted to 
hydrogen-rich gas before their introduction to the fuel cell. Some fuel cells use alcohols, 
methane, or hydrazine directly [8]. 

The first fuel cell, invented by Sir William Grove in 1839, produced electricity from the 
reaction of gaseous oxygen and hydrogen and used an acidic electrolyte [9]. Several dif-
ferent types of fuel cell are on the market today [10]. The high temperature fuel cells 
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can operate at up to 1000 °C, and work with electrolytes such as solid oxides and mol-
ten carbonates. These fuel cells are mostly employed for stationary power applications. 
The low temperature fuel cells can operate even below 0 °C, more usually, however, 
between room temperature and 250 °C. Electrolytes include such as phosphoric acid, 
polymer membranes, and alkaline solutions. Fuel cells such as these are better suited for 
transport or small-scale applications, for example in cars and portable electronic de-
vices. At the moment the main obstacles to the wider use of fuel cells are the high price 
and the lack of infrastructure for distributing suitable fuels. The most suitable fuel for 
most fuel cells is hydrogen, and there is not consensus yet on how hydrogen is best 
stored or how it should be produced in the first place. Fuel cell researchers, investors, 
and companies manufacturing fuel cells nevertheless strongly believe that these obsta-
cles can be overcome and that fuel cells will play an important role in the near future. 

2.2 Alkaline fuel cell (AFC) 

One of the important low temperature fuel cells is the alkaline fuel cell (AFC), which 
uses potassium hydroxide as electrolyte. Several versions of AFC exist: pressurised and 
non-pressurised, having a mobilised or circulating electrolyte in different concentra-
tions, and operating at temperatures from room temperature to above 200 °C. Figure 1 
shows a cylindrical AFC system used to charge a small radio. AFC was first put to prac-
tical service in a farm tractor in the late 1950s [11]. Similar cells were installed in 
spacecraft beginning with the NASA Apollo program in the 1960s [12], and in electric 
cars by Kordesch et al. beginning in the early 1970s [13, 14]. AFC research and devel-
opment reached a peak in the early 1980s [15]; today only a few institutes and compa-
nies continue the work [12, 16]. 

 

 

Fig.  1 A cylindrical AFC manufactured by Hydrocell Ltd. 
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A major operating constraint in AFCs is that the carbon dioxide in air fed to the cathode 
reacts with the electrolyte, resulting in the formation of carbonates. This reaction re-
duces the OH– concentration and the conductivity of the electrolyte. Further, the car-
bonates may precipitate in the electrode pores, impairing the performance of the cell. 
There are contradictory opinions on this constraint. Some contend that AFCs can only 
be applied in space applications where the use of pure oxygen is not a cost constraint. 
Others contend that carbon dioxide can be removed from air economically, or that 
AFCs can tolerate the amounts of carbon dioxide in air if the electrodes are properly 
constructed or the electrolyte is regenerated [11, 17, 18]. At the moment AFCs have 
demonstrated a lifetime of some 15 000 hours [11, 12]. Comparisons of AFCs and com-
peting proton exchange membrane or polymer electrolyte membrane (PEM) fuel cells 
for small-scale applications have shown that both these fuel cells have good operating 
efficiency [11, 19]. The price is comparable and AFC continues to have the potential to 
succeed in certain applications [13, 14, 17, 20]. 

In an AFC, hydrogen and oxygen react to form water and electricity, as illustrated in 
Fig. 2. Hydrogen is fed to the anode, where it is dissociated and oxidised to produce 
electrons and water in the hydrogen oxidation reaction (HOR): 
  
2 H2    +    4 OH–        4 H→ 2O    +    4 e– E° = +0.828 V ( 1 ) 
 
The electrons are transferred via an electric circuit to the cathode, where oxygen is fed. 
The oxygen is reduced in oxygen reduction reaction (ORR) by two overall pathways 
[21]: 
 
1) Direct four-electron pathway: 
O2    +    2 H2O    +     4 e–        4 OH→ – E° = +0.401 V ( 2 ) 
 
2) Peroxide pathway: 
O2    +    H2O    +    2 e–            +   OH→ −

2HO – E° = –0.065 V ( 3 a) 
 
followed either by the further reduction of peroxide 

−
2HO     +    H2O    +    2 e–    →     3 OH– E° = +0.867 V ( 3 b) 

 
or by the decomposition of peroxide 
2     →     2 OH−

2HO –   +    O2  ( 3 c) 
 
The OH– ions produced in the reaction pass through the KOH electrolyte to the anode, 
where they react with hydrogen to produce water and electrons (equation 1). The total 
reaction in the fuel cell can be written as 

O2    +    2 H2   →    2 H2O + electricity + heat ( 4 ) 
 



 5  

Thus, the only “effluents” from the fuel cell are water and heat. A common way to re-
move water is by gas circulation, and cooling can easily be achieved by re-circulating 
the electrolyte [11, 22].  

 

 

Fig.  2 Schematic of an alkaline fuel cell. 
 

AFC electrodes consist of two layers: a diffusion layer and an active layer. The diffu-
sion layer allows diffusion of the reactant gases into the active layer. On the active layer 
the electrode reactions take place at a three-phase interface of the reactant gas, catalyst, 
and electrolyte. Thus, the active layer must allow partial penetration of the electrolyte 
into its pores, while the diffusion layer must be more hydrophobic to prevent leakage of 
the KOH electrolyte. The hydrophobic structure is created with use of polytetrafluoro-
ethylene (PTFE, also known as Teflon), which is also used as a binder to prepare me-
chanically durable electrodes. Another common electrode material is carbon, which is 
used to enhance the electronic conductivity and the dispersion of the catalysts. Carbon 
also exhibits catalytic activity towards ORR, but usually a more active catalyst is 
needed for effective fuel cell operation. 

A special feature of AFCs is that various kinds of catalysts can be used to facilitate the 
electrode reactions. Fuel cells where the electrolyte is acidic usually require a noble 
metal such as platinum or palladium as catalyst. The problem with noble metals is not 
only the high cost but the limited resources available. Cheaper and more abundant cata-
lysts can be applied in AFC [12, 23]. Raney nickel is the usual choice for the anode 
[12], while various metals have been used on the cathode, including silver [12, 18], Co 
[24, 25, 26], and Mn [27]. Other cathode catalysts that have been mentioned are metal-
loporphyrins [24, 28, 29], MnO2 [30, 31], and metal oxides with spinel (AB2O4), 
perovskite (ABO3), or pyrochlore (A2B2O7) structure [32]. A and B denote various met-
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als and their combinations. The use of catalysts other than noble metals is made possi-
ble by the inherently faster kinetics of the ORR in an alkaline electrolyte [11, 12]. Many 
materials also better tolerate the alkaline electrolyte used in AFC than the acidic electro-
lyte used in some other fuel cells.  

2.3 Role of catalysts and method of synthesis 

In standard conditions (298 K, 101 kPa), the reversible potential of the fuel cell total 
reaction is 1.23 V, with liquid water as a product [33, 34]. The open circuit voltage of a 
fuel cell should be close to this value. However, kinetic limitations on the electrode re-
actions result in activation overpotentials and the voltage is lowered. The voltage is fur-
ther lowered due to ohmic resistance, which varies with the intrinsic properties of the 
fuel cell materials and the electrolyte conductivity. At higher current densities the elec-
trode reactions proceed more rapidly than the reactants can be transported to the elec-
trodes. Concentration overpotentials result, and the fuel cell voltage is rapidly lowered.  

Several factors need to be considered in an attempt to lower the overpotentials and en-
hance the operation of the fuel cell. These include the catalyst employed and its load, 
operating temperature, the electrolyte, gas composition and pressure, and the properties 
of the support carbon [35-37]. As well, the method of electrode preparation [29, 30, 37, 
38], the amounts of carbon and Teflon [39], and the structure [37, 40] and thickness [37, 
41, 42] of the electrode are important. Although, theoretically, a fuel cell can work as 
long as fuel and oxidant are fed to it, in practice all fuel cells become less effective dur-
ing long-term operation. This is mainly due to the deterioration and corrosion of the fuel 
cell materials. Carbon, Teflon, and the catalysts for example, slowly corrode and are 
dissolved into the electrolyte during fuel cell operation and finally must be replaced [15, 
43a]. Since the fuel cell materials heavily influence the fuel cell operation, it is impor-
tant to choose and prepare materials that not only give high performance but are durable 
in long-term operation.  

The properties of the catalysts are important to the efficiency of the electrode reactions. 
The catalyst composition, structure, and surface area all affect the ORR mechanism. On 
Mn-Co spinel oxides, for example, ORR occurs via both the four-electron and the per-
oxide pathways [44-46]. The four-electron pathway is favoured with increase in the 
Mn/Co ratio and simultaneous increase in catalytic activity [44]. On transition metal 
complexes the pathway depends on the metal-metal distance [21]. On carbon and graph-
ite electrodes, oxygen is principally reduced via the two-electron reaction [21, 43f, 47, 
48], but the mechanism depends on the available surface area of carbon [49].  

As the electrode reactions take place at the three-phase interface of the reactant gas, 
catalyst, and electrolyte, this active interface area needs to be large. This further re-
quires that the surface area of the catalyst is large. The properties of the catalyst, not 
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only surface area but structure, particle size, porosity, and activity are greatly affected 
by the conditions chosen for the preparation. Precursor materials, temperature and dura-
tion of heat treatment and cooling, and the nature and pressure of the surrounding at-
mosphere are important parameters. In comparison with some other precursors such as 
chlorides and acetates, for example, nitrates have produced the most well-defined metal 
oxides and the highest surface areas [50, 51]. Drying of nitrates above their melting 
temperature has resulted in the formation of a dense material before decomposition has 
occurred and yielded low surface areas [52]. Preparations at lower temperature usually 
require longer heating times [53], and the optimum temperature to produce the best 
catalyst has to be found experimentally. With the properties of materials so heavily in-
fluenced by conditions during the preparation, finding optimal conditions for the syn-
thesis is key to a good result. 

2.4 MnCo2O4 and its preparation 

The structure of MnCo2O4 is similar to that of the mineral spinel, i.e. MgAl2O4 [54]. 
Spinels form a large class of compounds of general formula AB2X4, where A and B are 
metal cations and X is an anion O, S, Se or Te. Depending on the elements, the spinel 
structure will be normal or inverse, cubic or tetrahedral, and the cations will occupy oc-
tahedral or tetrahedral sites and have positive charges between I and IV. 

Cobalt-rich Mn-Co spinel oxides have exhibited catalytic activity for the ORR in alka-
line solutions [I-III, 44-46, 55, 56]. They can also be used as catalysts for oxygen evolu-
tion reaction [45, 57, 58], reduction of nitrogen oxides [59], oxidation of CO and 
hydrocarbons [59] and ethyl acetate [60], decomposition of NO and CO [61], hydro-
genation of CO [62], and hydrotransforming of CO to hydrocarbon [63]. Applications in 
optoelectrochemical hydrogen-phosphate ion sensor [64], thermistors [65], infrared sen-
sors [66], and optical power limiting materials [67] are also reported. 

Several methods have been described for the preparation of MnCo2O4. Ceramic meth-
ods starting from manganese and cobalt oxide precursors require heat treatment at high 
temperatures (≥ 900 °C) and long treatment times [61, 68]. The powders produced are 
of low surface area and large particle size. A straightforward method to produce higher 
surface area metal oxides involves decomposition of precursors and subsequent heat 
treatment at low temperatures. Several precursors have been applied for the preparation 
of MnCo2O4: nitrates [45, 59, 69-71], acetates [72], carbonates [44, 73], citrates [44], 
hydroxycarbonates [74], and several more complex compounds [75-77] and gels [62, 
63, 78-80]. Decomposition and heat treatment are usually performed in air or oxygen at 
temperatures below 600 °C, the heat treatment varying from one hour to a few days. As 
well, preparations at temperatures ≤80 °C have been reported [81, 82]. Mn-Co oxides 
are also prepared on substrates, for example from nitrates impregnated on a porous glass 
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[67] or as thin films on various substrates [46, 58, 64, 66, 83, 84]. Particle sizes and sur-
face areas of MnCo2O4 reported in the literature are presented in Table 1. Heat treat-
ment at reasonably low temperatures, usually ≤400 °C, appears to produce high surface 
areas and small particles. The typical surface areas of MnCo2O4 prepared by these low-
temperature methods vary from 20 to 80, some even reaching 140 m2/g, while particle 
sizes range from a few to some tens of nanometres. 

 
Table 1 Surface areas and particle sizes of MnCo2O4 prepared by different methods.  
 
Method Temp

(°C) 
Time 
(h) 

Size  
(nm) 

S area
(m2/g)

Ref

Thermal decomposition of nitrates 250 
350 
500 

6  15 
14 
10 

70
70
70 

Thermal decomposition of carbonates 400 
600 
400 
600 

1 10 
60 

 
 

144 
49 

73
73
44
44 

Thermal decomposition of citrates 400 
600 

  35 
15 

44
44 

Thermal decomposition of hydroxycarbonates (prepared from 
chlorides and sodium carbonate) 

400 
600 

 6-12 
 

144 
51 

74
74 

Thermal decomposition of hydrazinium metal  
hydrazinecarboxylate hydrates 

<250  820 24 75
 

Co-precipitation from nitrates + ammonia liquor 500 2  42 62 
Sol-gel (citric acid + ethyl acetoacetate + nitrates) 350 

500 
2 
2 

15 75 
60 

62
62 

Heating of jellified chlorides 80 
200 
400 

~16 
~16 
~16 

 
250 

34 
44 
22 

78
78
78 

Impregnation of ethanol solution of nitrates on a glass substrate 380 2 2-4  67 

Thin film preparation by spin coating using organic solutions of 
ethanol + 2-ethylhexanoates / nitrates + polyvinyl alcohol  

450 1-2 20-30  64
 

 

Preparation at low temperatures often produces spinel MnCo2O4+δ, which has a smaller 
lattice parameter than the stoichiometric MnCo2O4 [46, 58, 70, 73, 74, 79-81, 83, 85, 
86]. Preparations from nitrates at 400 °C [69] and 250–500 °C [87], for example, have 
been reported to produce MnCo2O4+δ with δ = 0.6 and 0.5–0.3, respectively, and prepa-
rations from citrates and carbonates at 400 °C have given δ = 0.6–0.2 [44, 73]. This 
kind of non-stoichiometry is observed in some transition metal spinel oxides [88], al-
though not all [83]. The cation deficiency possibly induces the existence of OH⎯ and 
H2O groups [45, 69, 83, 85, 86]. The increase in the cell constants between 300 and 
1000 °C is reported to be the consequence of the progressive reduction of Co3+ to Co2+ 
and Mn4+ to Mn3+ [78, 80]. 
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2.5 Decomposition of Mn and Co nitrates 

As MnCo2O4 in this work was prepared by decomposing the mixed Mn-Co nitrates, it 
was essential to find out at what temperature the nitrates decompose and what occurs 
during the decomposition. Metal nitrates are reported to decompose to metal oxides 
with the formation of NOX (NO2, NO, etc.) and O2 gases, plus the evaporation of water 
if the nitrates are hydrated [89]. There are several ways to reduce or remove the poison-
ous NOX gases [90-93]. Although detailed information on the decomposition of the 
mixed Mn-Co nitrates was not available in the literature, several reports were available 
for the Mn and Co nitrates separately. Different decomposition temperatures, mecha-
nisms, and intermediates are reported for the Mn and Co nitrates. The decomposition is 
affected by factors such as heating rate, moisture content of the atmosphere and the di-
ameter of the crucibles used in the measurements [94], degree of hydration of the ni-
trates [95], and crystal size and support [96]. In air or oxygen, Mn nitrate is reported to 
decompose at 200–220 °C [89, 94, 96-98] and Co nitrate at 240–280 °C [89, 96, 99-
102]. There are accounts of both simultaneous [101] and non-simultaneous [94, 96] wa-
ter evaporation and decomposition. The formation of various intermediates – oxyni-
trates [95, 97, 98], hydroxy nitrates [98], and oxides such as CoO and Co2O3 [101] – has 
been reported. 

2.6 Carbon materials 

Carbon materials come in many different forms, including diamond, graphite, fullere-
nes, carbon blacks, and active carbons. The materials differ in structure and surface area 
and have a complex structural and surface chemistry with a wide variety of surface 
functional groups. The preparation methods are different for each material. Carbon 
blacks are usually prepared by burning hydrocarbons in air, while active carbons are 
prepared by an activation treatment from coconut shells, charcoal, and petroleum coke 
[43a, 103]. Carbon materials have a wide variety of industrial applications. They are 
used as electrically conducting additives in applications [104] such as electrodes [22, 
43d,h], and as catalysts in the reduction of NO [103]. Another important use of carbon 
materials, and the use of interest here, is to act as catalyst support [2c, 103, 105-108]. 
The main purposes of a support are to provide an optimal dispersion of the catalyst and 
to stabilise it against sintering [2c, 109]. Carbon is a popular support material for cata-
lysts because usually it is cheap, chemically and electrochemically more or less inert, 
and can easily be burnt off, allowing recovery of the catalysts [103]. Other common 
supports are γ-Al2O3, SiO2, ZrO2, and clays [2c, 99]. 

Carbon has been used as a support for precursors in the preparation of high surface area 
metals and metal oxides. Metal oxides (up to 220 m2/g) have been prepared by impreg-
nating metal nitrate solutions into carbon powder [51, 110] or by mixing the carbon 
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powder with the precursors [111, 112]. Carbon was oxidised during the subsequent heat 
treatment and the metal oxides contained no carbon [51, 110-112]. Metal oxides pre-
pared in this way were reported to have 4 to 20 times as high surface areas as the sam-
ples prepared under similar conditions but without carbon [51]. Large surface areas 
were achieved only when the oxides were formed before carbon combustion. Some sin-
tering of the metal oxides during the heat treatment may occur [108]. However, it seems 
that the small pores of the carbon hinder the growth of crystallised nitrate particles 
within the pores. This confinement effect of the small pores and the presence of carbon 
support, which weakens the agglomeration of the oxide particles, most probably ex-
plains the high surface area of the oxides [51, 111, 112]. Washing of the impregnated 
carbon with water has been reported [110] to remove the metal nitrates from the surface 
and macropores of the carbon, leading to adsorption only in the micropores. Particle 
size was smaller and surface area of the oxides higher as a result. Usually the surface 
area of a metal catalyst prepared by carbon impregnation increases with the carbon to 
catalyst precursor ratio [43g].  

Carbon can be removed from the metal oxides at relatively low temperatures simply by 
oxidising the carbon. Since carbon oxidation is applied for many different purposes – to 
activate carbon and increase its surface area, to create surface functional groups, and to 
remove undesired carbon deposits – a lot of information is available on the oxidation 
reactions of carbon. While the temperature for carbon oxidation varies from carbon ma-
terial to another, usually a temperature of several hundred degrees Celsius is required 
[103]. In the presence of a catalyst, however, carbon may begin to oxidise at substan-
tially lower temperatures: below 250 °C [113] and at even lower temperatures in a mi-
crowave field [114, 115]. Several elements and compounds catalyse or enhance the 
oxidation of carbon [43c]. These include certain metals [114], metal oxides [103, 113, 
114, 116, 117], and metal nitrates [51, 118-120]. Metals and metal oxides are com-
monly applied in the catalytic removal of carbonaceous fouls such as soot [113, 117]. 
During the oxidation of carbon, the metal oxides are reduced, and thus act as sinks for 
oxygen [113, 116, 121]. The same applies to metal nitrates, which decompose with the 
production of oxidising NOX gases [103]. Transition metal nitrates enhance carbon oxi-
dation more than other metal nitrates, suggesting a combined effect of the nitrate and 
the transition metal ion [51]. 

In general, the presence of support can either delay [99] or enhance [96, 122] the de-
composition of the impregnated metal nitrates. Delay of the decomposition can be at-
tributed to strong interactions between metal ions and the support material [99]. 
Enhancement is due not only to the large surface area [122] and chemical nature of the 
support [96, 122] but also to the small size of well-dispersed metal compound particles 
in the support pores [96, 123]. Metal nitrates supported on clay reportedly [96] decom-
pose at lower temperatures than nitrates without a support. And the shift to lower de-
composition temperatures for the most amorphous nitrates is most pronounced. It is also 
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relevant that a material composed of very small particles, i.e. a nanomaterial, typically a 
few nanometres in size, may possess quite different properties from a similar material 
composed of larger particles [124]. Melting temperature and lattice parameters, for ex-
ample, may be reduced due to surface free energy and surface stress. It can be pre-
sumed, therefore, that since the metal compounds impregnated on a support are 
dispersed as small particles, they will decompose at lower temperatures than the unsup-
ported metal compounds. 

To conclude, when a metal nitrate is impregnated onto carbon, the materials appear to 
have a synergetic effect: the nitrates and forming metal oxides facilitate the oxidation of 
carbon, while the carbon support may reduce the decomposition temperature of the ni-
trates.  

2.7 Microwaves 

The first commercial microwave oven was demonstrated in 1947 [125]. The ovens be-
came common in the 1970s and 1980s and today microwaves are widely applied in in-
dustry. The frequency of microwaves, 0.3–300 GHz [126], lies between radiowave and 
infrared frequencies, and corresponds to wavelengths from 0.1 mm to 10 cm. The fre-
quency most often used, 2.45 GHz, corresponds to a wavelength of 1 mm. When a ma-
terial is exposed to microwaves, heat is generated within the material itself through 
interaction of microwaves and the material. In a conventional furnace, in contrast, the 
material becomes heated by radiation and the convection of heat from an external 
source [126, 127]. The ability of a material to absorb microwave energy and become 
heated in a microwave oven varies from material to material, depending on the dielec-
tric loss factor, dielectric constant, and the temperature of the material, as well as on the 
microwave frequency [127, 128]. While some materials are virtually inert to micro-
waves, other materials with high dielectric loss factor are rapidly heated by microwaves. 

Microwave-assisted synthesis of materials is typically fast and energy efficient. Heating 
by microwaves is volumetric and selective and the wasteful heating of furnace walls is 
avoided [126]. Heating is selective because it automatically focuses on the more absorb-
ing part of the sample. This property is particularly useful when only part of a sample or 
only one material in a composite needs to be heated. This is the case in selective drying 
[125], polymer processing [126], and crystallisation of glass [129]. At the same tem-
perature, reactions may occur in a shorter time in a microwave oven than in a conven-
tional furnace [130, 131]. The heating rate of a sample may be higher, and reactions 
may occur at lower temperatures [114, 126, 130-132] or in different ways than in a con-
ventional furnace [130]. Close attention has been paid to temperature measurement. 
Measuring the temperature during the microwave treatment is not straightforward and 
sometimes will give erroneous results, especially when thermocouples or other metallic 
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probes are applied [125, 126, 133]. Optical fibres and infrared cameras are more appro-
priate [125]. Some of the differences between conventional and microwave heating can 
be explained by anisothermal reactions [130]. Not all anomalies can be predicted or 
readily explained on the basis of present understanding, however, and these are referred 
to collectively as the “microwave effect” [126]. 

Although a material can be heated in a microwave oven only if it absorbs microwave 
energy, there are ways to get around this problem. A more suitable microwave fre-
quency may help [125, 126]. Or, since microwaves are often absorbed more efficiently 
at higher temperatures, the material can be preheated before microwave treatment [129]. 
Altering the microstructure, stoichiometry, or the defect structure may also ease the 
heating [126, 134]. An easy way to heat a non-absorbing material in a microwave oven 
is to place better absorbing susceptors near to the material to be heated, or to mix a sus-
ceptor with the material. The heat generated in the susceptor then helps to heat the less 
absorbing material. Various susceptor materials have been used, among them binders, 
SiC [126, 129, 135, 136], LiF, LaCrO3, ZnO [134], and carbon [114, 129, 132]. 

A susceptor can have a profound effect on the heating and reactions in a microwave 
oven. For some materials the dielectric loss factor increases in proportion to the carbon 
content [115, 137]. Reaction rates and the amount of products also are reported to in-
crease substantially with the amount of carbon mixed with a material. As an example, 
the formation of MgAl2O4 was not successful when the amount of carbon in a mixture 
of aluminium hydroxide, MgO, and carbon black was 10 wt.%, but when the amount 
was increased to 20 and further to 50 wt.%, MgAl2O4 content increased to 82 and 93%, 
respectively [138]. Further, when Mg and S were heated in a microwave oven, no for-
mation of MgS occurred even after heating for tens of minutes [139]. But when graphite 
was mixed with Mg and S, MgS formed within a few minutes. Even small amounts of 
carbon affected the reaction rate dramatically, while increasing the amount of carbon 
beyond a certain limit had a more modest effect. Carbon has been used as a susceptor in 
the preparation of various materials, including metal oxides [138, 140-142], metal sul-
phides [139], and silicides [143], as well as for the reduction of metal oxides [144]. 
Usually it has been mixed with the precursors or used as a bed for the precursors. 

Though preparation of MnCo2O4 by a microwave-assisted method had not been men-
tioned in the literature before paper I, microwave syntheses of other spinel oxides had 
been reported. Often spinels have been prepared from their hydroxides [145, 146] and 
oxides [130, 147] or from mixtures of the hydroxides and oxides [138, 148-150]. Fewer 
reports describe the preparation of spinels from their nitrates [131]. Vanetsev et al. 
[131] heated the precursors (nitrates, sulphates, carbonates, acetates, and hydroxides) of 
several metals in a microwave oven. They observed that the precursors decomposed to 
oxides if the evolved heat exceeded the energy required for the decomposition. The 
presence of chemically bound water was necessary for intense absorption of micro-
waves, and these conditions were best fulfilled with metal nitrates. However, the metal 
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nitrates had dissimilar microwave-absorbing properties and each nitrate became 
warmed up to a distinct temperature. The authors report a successful preparation from 
nitrates of M-Fe spinels where M = Co, Ni, Cu, Li, using a frequency of 2.45 GHz. At 
this same frequency, nitrates have also been used to prepare, in 5–10 minutes, com-
pounds such as LaNiO3 [142], La0.7Ba0.3MnO3 [151], γ-Fe2O3 [152], and zinc oxide 
varistors [153]. Insufficient microwave absorption of metal nitrates has been reported 
for La-M nitrates where M = Mn, Fe, Co, Cr, and Al, and a graphite susceptor was 
needed for a successful formation of LaMO3 [141].  

2.8 Raney nickel 

Raney nickel is applied for a wide range of catalytic reactions, most notably hydrogena-
tion, ammonolysis, and alkylation [2b, 154]. It is also used as a catalyst for hydrogen 
oxidation reaction in alkaline solutions [V, 155-159]. Raney nickel is the most common 
of the Raney metals, which are also known as “skeletal” or “sponge” metal catalysts. 
Other Raney metals are prepared from copper, iron, cobalt, platinum, palladium, and 
ruthenium [2b, 160], by the method originally developed by Murray Raney in the 1920s 
[2b, 154, 160]. Raney nickel, for example, is prepared from Ni-Al alloys prepared 
commercially by melting the nickel and aluminium metals, quenching the melt, crush-
ing, and sieving. Al is then leached out with KOH or NaOH by the following reaction:  

2 Ni-Al   +   2 OH–   +   6 H2O   →    2 Ni   +   2    +   3 H−
4Al(OH) 2 ( 5 ) 

 

Amorphous hydroxides containing nickel and potassium also form during the leaching. 
After the hydroxides are washed away, a porous nickel metal with high surface area 
(typically up to 100 m2/g) remains as the product. A fraction of aluminium always re-
mains in the Raney nickel.  

Raney nickel catalysts are extremely pyrophoric due to the small size of the metal crys-
tallites and the hydrogen entrapped in the catalyst pores during the leaching [160]. The 
pyrophoric character of the Raney-nickel can be eliminated by removing the hydrogen 
and generating a thin oxide layer on the surface in a process known as stabilisation, de-
pyrophorisation, or passivation. The stabilisation may affect both the catalytic activity 
and stability [155, 161]. One method of stabilisation is to introduce small doses of oxy-
gen under a controlled temperature [154], while a more straightforward method is to 
subject the Raney nickel to hydrogen peroxide treatment [161]. Also, several annealing 
steps of controlled air oxidation to form Ni, NiO and α-Ni(OH)2 in defined amounts 
have been reported [155]. The deactivation is performed to ensure safe storage, which 
means that before the catalyst can be put into service it must be reactivated and the ox-
ide films reduced. Reactivation has been accomplished by heating in hydrogen [154] 
and by in-situ electrochemical activation with flow of hydrogen [157, 159, 162, 163]. 
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Another approach would be to store the Raney catalyst under distilled water where its 
pyrophoric character is not a problem. 

The alloy composition, rate of cooling, and other conditions of the preparation have a 
marked effect on the properties of Raney nickel [160]. Alloys of a number of composi-
tions are available commercially, the most common being Ni:Al with ratio of 50:50. 
When the ratio of Ni to Al and the cooling rates are varied, the amounts of the phases 
Ni2Al3, NiAl3, NiAl, and Ni3Al vary. These phases leach quite differently so that their 
ratios affect the porosity and crystallite size of the Raney nickel. As well, leaching pa-
rameters, such as concentration of the alkaline solution, temperature and duration of 
leaching affect the properties [160, 164, 165]. Although the leaching of aluminium is 
initially very fast, a relatively long leaching time (up to two hours) is required to com-
pletely dissolve the aluminium compounds [165]. Leaching at higher temperature re-
sults in lower surface areas and different pore structures than leaching at low 
temperatures. The amount of the residual aluminium plays an important role in the elec-
trochemical activity, and, in fact, a few per cent of aluminium in the final Raney nickel 
catalyst may give high catalytic activity [164].  

The properties of Raney nickel can also be modified by adding promoters [154, 160]: 
small amounts of metals are added to Raney nickel to enhance the activity or selectivity. 
Usually the amount of promoter is 1–7 wt.%, the optimal amount depending on the 
dopant. During leaching most dope metals undergo partial or full oxidation and form 
metal oxides. Dopants such as Cu, Ti, and Cr have been added to Raney nickel in AFC 
to increase the activity, stability, and electrical conductivity. For example, 15% addition 
of Cu has been found to enhance the electrical conductivity and increase the current 
density threefold [162]. Cu has exhibited instability, however, due to dissolution into 
the electrolyte solution [157, 159]. Ti content of 1.5-2% in the initial alloy has been 
found adequate to decrease the polarisation resistance to one half [166]. Some dopants 
have a tendency to become concentrated on the surface, which means that even small 
amounts of dopant may be effective. In experiments where the initial concentrations of 
Cr and Ti dopants were less than 1%, concentrations on the surface were sometimes 
more than twenty-fold [155]. Addition of high surface area carbon blacks has been re-
ported to increase the electrolyte diffusion by creating porous structures in the electrode 
and thereby to improve the conductivity [157, 167].  
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3 Preparation and characterisation of MnCo2O4 [I-IV] 

MnCo2O4 was prepared in both conventional furnace and microwave oven, and with 
and without carbon. Nitrates Co(NO3)2·6H2O and Mn(NO3)2·4H2O were used as precur-
sors, dissolved in water in stoichiometric ratio 2:1. An amorphous carbon black powder 
with surface area 950 m2/g was mixed with the metal nitrate solution.  

3.1 Spinel formation in conventional heat treatments [II, IV] 

The formation of MnCo2O4 was studied by thermogravimetric (TG) measurements and 
by heating pure nitrates and nitrates supported on carbon at various temperatures in a 
conventional furnace [II, IV]. TG was combined with either Fourier transform infrared 
(FTIR) spectrometry or differential scanning calorimetry (DSC). For the thermogravim-
etric measurements, Mn and Co nitrates were dissolved in water and mixed with various 
amounts of the carbon powder and dried at 40 °C. It was noticed that, after drying, the 
samples with higher carbon content contained lower content of water [IV].  

The supported nitrates decomposed at considerably lower temperature than the pure ni-
trates [IV], as illustrated in Fig. 3. The curves in Fig. 3 are normalised so that 100% in 
the mass scale corresponds to the mass of the weighed hydrated nitrates, and the com-
position of MnCo2O4 corresponds to 28.4%. The starting point of the curve for the pure 
nitrates is lower than 100% because part of the original water evaporated during drying 
of the sample. In the presence of carbon support (22 wt.%), the NO2 formation indicat-
ing the decomposition of the nitrates is shifted to 90 degrees lower temperature com-
pared with the pure nitrates. In the case of the pure Mn-Co nitrates, nearly all water had 
evaporated before the maximum rate of nitrate decomposition was reached. The nitrates 
supported on carbon decomposed partly simultaneously with water evaporation and 
some of the steps observed in the decomposition of pure nitrates were overlapping and 
could not be seen. This tendency was pronounced for the samples with highest carbon 
contents. Similar overlapping has been observed for the decomposition of metal nitrates 
supported on clay [122]. The formation of CO2, indicating the oxidation of carbon had a 
maximum rate at around 300 °C (Fig. 3). 
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Fig.  3 Mass loss and the absorbance of the strongest IR bands for formation of gases (NO2

1630 cm  and CO-1
2 2360 cm ) as a function of temperature. -1

 

The formation of spinel was studied by X-ray powder diffraction (XRD) and infrared 
(IR) measurements. The unsupported and supported nitrates were heated in air from 
room temperature up to 400 °C, at temperatures just below or above the temperatures at 
which mass losses were observed in TG measurements. Each temperature was held for 
30 min. The crucibles containing the samples were covered with lids, but the lids were 
loose enough to allow gas exhaust, while preventing loss of sample during the burning 
of carbon, which commenced around 250 °C. The unsupported nitrates decomposed to 
produce a hard and solid body of oxide, which required prolonged grinding for further 
processing, while the supported nitrates produced a fine oxide powder. IR (Fig. 4) and 
XRD measurements of the unsupported samples revealed the formation of Mn-Co 
spinel (bands at 540–660 cm-1) at 240 °C [IV]. In the supported samples (18 wt.% car-
bon), the formation was observed at 160 °C. The unsupported samples still contained a 
small amount of residual nitrates at 350 °C, while in the supported samples the residual 
nitrates decomposed before 300 °C. Increasing the carbon content from 7 to 26 wt.% led 
to the formation of spinel at lower temperatures [III]. The lower decomposition and 
formation temperatures of the supported samples are probably due to the combined ef-
fect of smaller crystallite size of the metal nitrates (see section 2.6) and a chemical in-
teraction between the nitrates and carbon support. 
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Fig.  4 IR spectra of samples heated from nitrates or supported nitrates in a conventional fur-
nace. 

 

Three samples were heated for eight hours in air: at 900 °C without carbon [I, II, IV], 
and at 250 and 470 °C in the presence of carbon support [II]. As presented in Fig. 5, the 
XRD pattern of the sample prepared from nitrates at 900 °C shows sharp reflection po-
sitions corresponding to MnCo2O4. The intense reflections indicate good crystallinity. 
The samples prepared at the lower temperatures show broader reflections of lower in-
tensity shifted to higher diffraction angles relative to MnCo2O4. Lower reflection inten-
sity indicates a lower degree of crystallisation. Broad reflections may be the result of 
small crystallites or non-uniform strain and may also mean that the individual crystals 
have slightly dissimilar lattice parameters [168]. The shifting of the reflections to higher 
angles relative to the reflection positions of MnCo2O4 has been attributed to the forma-
tion of a non-stoichiometric spinel, MnCo2O4+δ (section 2.4).  

TG measurements gave a value of about 0.6 for δ of the sample prepared from unsup-
ported nitrates at 400 °C [IV]. Assessment of δ for the supported samples could not be 
done by TG, because the residual carbon content was not measurable with sufficient 
accuracy and carbon was oxidised simultaneously with the reduction of the metal ions 
[IV]. Thus, the assessments of δ were done by comparing the reflection positions. The 
reflection positions of the sample prepared from unsupported nitrates at 400 °C are 
fairly close to the reflection positions of samples with δ = 0.3–0.5 [87] and with δ = 0.6 
[69]. While comparison of the reflection positions does not give an exact value of δ, it 
still indicates that δ must be higher than 0.3. The reflections of the samples prepared 
from the supported nitrates are at lower angles than those of samples prepared from ni-
trates alone (Fig. 5). As the reflection positions of the supported samples lay between 
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the positions of samples with δ = 0.1 and 0.31 [87], it can be inferred that δ is smaller 
than 0.3. Thus, it is very probable that carbon reduces the metal ions, inducing lower 
non-stoichiometry. In addition to the phase MnCo2O4+δ, the sample heated at 470 °C 
contained stoichiometric MnCo2O4 and the sample heated at 250 °C a tetragonal spinel 
phase. The presence of different phases from those of the samples heat treated for 
30 min can be explained by the dissimilar heating (in an open crucible) and cooling 
conditions (slowly within the furnace), which affect the formation of the phases [78]. 

 

 
 
Fig.  5 XRD patterns of spinel samples. Vertical lines denote the reflection positions of 

MnCo2O4. Asterisks denote tetragonal spinel. 
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3.2 Spinel formation in microwave-assisted methods [I-III] 

When aqueous Mn-Co nitrate solutions were heated in a microwave oven (2.45 GHz) at 
650 W [I], the compounds did not absorb microwaves efficiently enough to form pure 
MnCo2O4. Carbon powder was therefore mixed with the aqueous solutions of the ni-
trates. These samples were heated in a microwave oven with various power levels and 
heating times applied. High power levels, as also long heating times, resulted in a vig-
orous burning of carbon and the formation of other oxide phases than spinel, while co-
balt ions were reduced even as far as to metallic cobalt [I]. Less vigorous carbon 
oxidation and successful formation of spinel were achieved by using several short heat-
ing periods (a few minutes) with cooling in between. After each heating period, the 
sample was weighed in order to record the mass of the specimen, and the heating was 
continued until the heating cycle caused no essential change in the mass. 

The cyclic heating method was not found very practical, and the work was continued to 
find a better method of preparation [II, III]. The samples were either dried in a conven-
tional furnace at 50 °C overnight or in a microwave oven where the temperature of the 
sample was about 100 °C. The temperature was measured by turning off the microwave 
heating and placing a thermocouple in the sample. After drying, the samples were 
placed in a conventional furnace preheated to 200 °C, where the temperature was kept 
for 15 min. Samples were allowed to cool to room temperature within the furnace. Most 
of the nitrates decomposed with this treatment. Initial carbon content in the samples was 
18 wt.% [II], whereas for the pre-decomposed samples it was 7, 13, 18, or 26 wt.% [III]. 
After pretreatment the samples were heated in the microwave oven at power level 
350 W, where they ignited, i.e. began to spark with low flames, in 0.1 to 1.1 minutes, 
the higher the content of carbon the sooner. The sample with lowest carbon content did 
not ignite at all. When the heating was interrupted the sparking reaction continued for 
4–15 min, the time increasing with the carbon content. No noticeable change in the 
samples occurred with a subsequent microwave treatment [II]. The ignition reaction in-
creased the crystallinity of the spinel formed during the pretreatment at 200 °C [III]. If 
the pre-decomposed samples were covered with a lid immediately after ignition in order 
to hinder the access to oxygen, preparation by the cyclic treatment was also possible, 
except when the content of carbon was high and the sample ignited after a very short 
heating period. 

The heat treatment times of the MARS samples are listed in Table 2, and the masses of 
selected samples after each heating cycle are plotted in Fig. 6. On the y-axis, 100 % 
would represent the weighed mass of the nitrates. The lines marked with “MnCo2O4 + 
carbon” represent theoretical masses corresponding to MnCo2O4 with the initial carbon 
present and that marked with “MnCo2O4” represents MnCo2O4 alone. The starting point 
of the curve “b” is ~65% because part of the nitrates had decomposed during the heat 
treatment at 200 °C. 
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Table 2 Treatment times of MARS samples required to reach constant mass at 350 W. 
 

Preparation route / 
treatment time 

MW 
drying (h)

Drying at
50 °C (h) 

Decomposition  
at 200 °C (h) 

MW treatment 
(min) 

MW → 200 °C → MW-Ignition 1  0.5 0.1 

50 °C → 200 °C → MW-Ignition  16 0.5 0.1 – 1.1* 

50 °C → 200 °C → MW-Cyclic  16 0.5 10 – 14* 

MW → MW-Cyclic 1   20 

50 °C → MW-Cyclic  16  30 
* The time depended on the amount of carbon. 
 

 

 
Fig.  6 Mass loss during cyclic microwave treatment of nitrates supported on carbon (a) con-

taining 18 wt.% carbon and dried in microwave oven and (b) containing 7 wt.% carbon 
and heat treated at 200 °C before MW treatment. 

 

An interesting feature of the microwave treatment was that the nitrates first decomposed 
to (Mn,Co)O, which then oxidised to MnCo2O4 [I, III] as demonstrated in Fig. 7. Simi-
lar samples treated in a conventional furnace at various temperatures (150–400 °C) did 
not contain (Mn,Co)O, at least not (Mn,Co)O that was crystalline enough to be detected 
by XRD [II, III, IV]. The literature dealing with the decomposition of nitrates rarely 
mentions CoO or MnO as intermediates (section 2.5). These observations indicate that 
nitrate decomposition and spinel formation proceed in conventional and microwave ov-
ens via different mechanisms. 
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Fig.  7 XRD patterns of a sample heated from supported nitrates in a microwave oven for (a) 8 

and (b) 30 minutes. Reflections of MnCo2O4 are marked with hkl indexes and asterisks 
denote (Mn,Co)O. 

 

In some cases, (Mn,Co)O was still observed along with the spinel structure after the mi-
crowave treatment [II, III]. When the amount of carbon was low, a slightly higher tem-
perature than with higher amount of carbon was required for nitrate decomposition and 
spinel formation [III, IV]. A small amount of carbon (7 wt.%) as microwave susceptor 
was insufficient to raise the temperature enough for complete spinel formation [III]. As 
illustrated in Fig. 6 curve “b”, the decomposition of the residual nitrates during the mi-
crowave treatment proceeds at a fairly constant rate even though the sample contains 
only a small amount of carbon as a susceptor [III]. When most of the nitrates have de-
composed, the metal oxide formed on carbon does not absorb microwaves effectively 
enough to raise the temperature to the temperature needed to complete the nitrate de-
composition and the oxidation of (Mn,Co)O to spinel. It can be concluded that the ni-
trates absorbed microwaves better than the oxides.  

Drying of the carbon-supported nitrates in a microwave oven at 350 W followed by a 
cyclic microwave treatment produced (Mn,Co)O along with the spinel structure [II]. 
The sample temperature during drying was measured at about 100 °C. In TG measure-
ments, melting of the Mn-Co mixed nitrates was observed at 50–80 °C. Drying of ni-
trates above their melting point may yield low surface areas due to the formation of a 
dense material before the decomposition [52]. However, adsorption of the nitrates in 
carbon pores might change the situation and actually produce smaller particles than dry-
ing below the melting temperature. Small particles could cause vigorous carbon oxida-
tion during the microwave treatment. Curve “a” in Fig. 6 shows that the mass loss of a 
sample containing 18 wt.% carbon and dried in a microwave oven was rapid after 80%, 
where the nitrates decompose rapidly, very possibly in association with an exothermal 
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oxidation of carbon. In samples where the mass loss occurred more slowly, spinel phase 
was observed without other phases. However, not only the temperature affects the dry-
ing process. Drying is different and usually faster in a microwave oven than in a con-
ventional furnace (section 2.7). Thus, material dried in a microwave oven may have 
different properties than that dried in a furnace, even though the drying temperature 
were the same. 

The XRD reflections of the samples prepared by MARS were slightly shifted to higher 
diffraction angles than those with stoichiometric MnCo2O4 (Fig. 5). Comparison of the 
reflection positions with reported literature values [87] indicated δ to be <0.3. The shift-
ing was somewhat less in the samples initially containing highest amount of carbon and 
in those prepared by the ignition reaction [II, III]. The reduced shifting may be due to 
more vigorous burning of carbon and conditions that are more reducing. The reflection 
intensities of the MARS samples (Fig. 5) are closely similar to those for the samples 
heated at 250 and 470 °C for 8 hours, slightly higher than those for the pure nitrates 
heated at 400 °C for 30 min, and clearly higher than those for the supported nitrates 
heated at 400 °C for 30 min. This demonstrates that MnCo2O4 with relatively high de-
gree of crystallisation can be prepared in a microwave oven in a short time (see Ta-
ble 2). 

3.3 Carbon oxidation 

If all initial carbon were to remain in the samples throughout the preparation process, 
the spinel-carbon powders would contain 20–56 wt.% carbon, depending on the amount 
of initial carbon. Carbon contents of the samples were determined with a Leco SC-444 
analyser on the basis of infrared absorption. In the samples heated at 250 and 470 °C for 
eight hours, the initial carbon was almost totally oxidised [II]. In the samples heated up 
to 400 °C the amount of carbon decreased nearly linearly with the increase in tempera-
ture. The MARS samples contained 4–22 wt.% carbon [I-III], indicating that most car-
bon is oxidised during the preparation. 

TG measurements revealed that the carbon alone did not start to burn below 550 °C in 
air. During the heating of the nitrate-impregnated carbon, 10–20% of the initial amount 
of carbon was oxidised at 200 °C [II, III]. Likewise, TG-FTIR measurements showed 
the formation of carbon dioxide from the supported samples below 200 °C (Fig. 3) [IV]. 
A local maximum in the oxidation rate was observed at 200 °C partly simultaneously 
with the nitrate decomposition, and the highest oxidation rate was seen at 300 °C after 
the nitrate decomposition. It can be concluded that, Mn-Co nitrate decomposition en-
hanced the oxidation of carbon, but most of the carbon was oxidised after the formation 
of Mn-Co spinel oxide.  
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No oxidation of carbon was observed when carbon powder alone was heated in a mi-
crowave oven under similar conditions to the MARS preparations. Although carbon can 
be oxidised at lower temperatures in a microwave oven than in a conventional furnace 
[114], under these conditions carbon did not absorb enough microwave energy to reach 
the necessary temperature for oxidation to occur. When the nitrate-impregnated carbon 
samples were heated in a microwave oven, 20 to 90% of the initial carbon became oxi-
dised, varying with the initial carbon content, pretreatment, and microwave treatment 
[II, III]. The higher the initial carbon content, the more carbon was oxidised during the 
microwave treatment. Because carbon absorbs microwaves strongly, higher carbon con-
tent results in higher temperature during the microwave heating, which then accelerates 
the oxidation of carbon. Further, the ignition reaction consumed more carbon than the 
cyclic preparation [II]. Since the preparation methods consuming most carbon were 
shortest, the carbon consumption cannot be due to prolonged preparation time but rather 
to more vigorous oxidation of carbon.  

3.4 Surface area and particle size 

Specific surface areas of the catalysts were measured by Brunauer-Emmet-Teller (BET) 
method. Catalysts prepared at 250, 470, and 900 °C gave surface areas of 32, 5, and 
0.7 m2/g, respectively [II]. These surface areas and their decrease with increasing tem-
perature are very similar to the values for Co3O4 prepared from Co-nitrate [169]. The 
spinel-carbon powders prepared by MARS had combined surface areas correlating with 
their carbon contents: as the carbon content increased from 4 to 16 wt.% the measured 
surface areas of the spinel-carbon powders increased nearly linearly from 40 to 
165 m2/g [I-III] (see Fig. 8). In most cases the combined surface areas of the MARS 
samples could be predicted from the final mass of the samples, because (i) the smaller 
was the mass of the final product the smaller was the amount of residual carbon, and (ii) 
the combined surface areas increased with the carbon content. 

In two MARS samples the amount of carbon was 22 wt.%, but their surface area was 
not larger than 165 m2/g. These samples were prepared by drying of the supported ni-
trates in a microwave oven followed by the cyclic microwave treatment. In addition to 
the ratio of carbon to metal ion [43g], also the rate of carbon oxidation may affect the 
surface area of metal oxide: samples prepared with higher carbon oxidation rate have 
been reported to have smaller surface area [51]. Comparison with the MnCo2O4 pow-
ders prepared by other methods (Table 1) is not very helpful since the surface areas 
measured in this work are the combined surface areas of the spinel and carbon. If car-
bon were to be removed, for example by washing with water or by heat treatment, the 
surface area of the spinel would probably change. 
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Fig.  8 Combined specific surface area vs. carbon content of spinel-carbon powders prepared 

by MARS. 
 

Surface morphologies and particle size were assessed by scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM). SEM images (Fig. 9a) of the sam-
ple heated at 900 °C revealed particle sizes ranging from 0.3 to 3 µm [I]. The samples 
heated at 470 and 250 °C had considerably smaller particles: smaller than 100 and 
50 nm, respectively [II]. Particles of the MARS samples were mostly a few nanometres 
in diameter, with some agglomerates smaller than 30 nm [II, III]. An example is given 
in Figures 9b and 10. Figure 10 also shows that the spinel particles (dark areas) are dis-
tributed and dispersed through the residual carbon (lighter areas). 

 

a) b) 
 
Fig.  9 SEM micrographs of samples prepared (a) at 900 °C from pure nitrates, (b) by MARS 

from supported nitrates. 
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Fig.  10 TEM micrograph of a sample prepared by MARS. 
 

3.5 Catalytic activity towards ORR [I-III] 

The catalytic activities towards ORR [I-III] were evaluated by current-potential, i.e. po-
larisation, measurements in a half-cell set-up (Fig. 11) with 6 M KOH as the electrolyte. 
The set-up comprises three-electrodes: the counter, the reference, and the working elec-
trode. The working electrode containing the catalyst was in contact with air [I] or oxy-
gen [II, III] and was loaded by a stepwise increasing current. The potential at steady 
state was measured in relative to a Hg/HgO reference electrode. The counter electrode 
was of nickel plate or mesh. The measurements were done at 60 [I] or 50 °C [II, III].  

 

 
Fig.  11 Drawing of the electrochemical half-cell. 
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Polarisation measurements give valuable information for fuel cell applications because 
they indicate whether a catalyst is actually suitable for fuel cell electrode preparation. 
The working electrodes were similar to the fuel cell electrodes described in section 2.2 
and Fig. 2, consisting of an electric conductor (nickel screen) and diffusion and active 
layers. The diffusion layer contained PTFE and carbon, while the active layer contained 
these and the catalyst. The amount of the catalyst in the electrodes was ~12 mg/cm2. 
Two methods for the electrode preparation were applied. In the pressing method, the 
dry powdery materials were pressed onto the nickel screen [I] and heat-treated at 
340 °C. In the rolling method [28, 170], described in papers II and III, pastes made from 
the electrode materials were rolled into flat sheets, which were then rolled on the nickel 
screen, pressed, dried, and heat-treated at 320 °C. The electrodes were then assembled 
in the half-cell configuration for electrochemical assessment. 

Fig. 12 depicts the polarisation curves of the electrodes. The closer to zero is the poten-
tial, i.e. the smaller the potential drop at a certain current density, the better is the cata-
lytic activity for ORR. Comparison of the current densities at –200 mV vs. Hg/HgO 
reveals that the samples prepared at 250 and 470 °C from the supported nitrates gave 
twice as high current densities as the sample prepared at 900 °C [II]. These samples did 
not, however, show better catalytic activity than the carbon alone. The MARS samples 
showed four times as high current densities as the sample prepared at 900 °C and twice 
as high current densities as carbon or the samples prepared at 250 or 470 °C. This dem-
onstrates the positive effect of the spinel with small particle size distributed on carbon. 
During the 300 h measurement, the potential drop at a current density of 100 mA/cm2 
for the electrodes containing the best catalysts was 0.03–0.09 mV/h [II, III]. 

 

 
Fig.  12 Polarisation curves of electrodes containing MnCo2O4 prepared by different methods 

for oxygen reduction reaction. 
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As shown in Fig. 13, for the MARS samples with combined surface areas between 90–
165 m2/g, the potential at 100 mA/cm2 was about –130 mV vs. Hg/HgO. When the spe-
cific surface area decreased below 90 m2/g, the catalytic activity decreased as well, but 
increasing the surface areas beyond this value did not result in better performance of the 
electrodes [II, III]. Similar findings have been reported earlier [28]. Probably an exten-
sive part of the surface area of the carbon support remains non-utilised [49]. As Fig. 8 
depicts, a carbon amount of approximately 10 wt.% in spinel-carbon powders gives a 
combined surface area of about 100 m2/g. It can be concluded that, under the conditions 
employed, 10 wt.% carbon in a spinel-carbon final product is adequate for obtaining the 
maximum catalytic activity towards ORR. 

The samples with combined specific surface areas between 90 and 165 m2/g and high 
activity (Fig. 13) were prepared from the nitrates supported on carbon initially contain-
ing 13 or 18 wt.% carbon and pretreated by drying in a conventional furnace at 50 °C or 
heating at 200 °C. The MARS samples with lowest surface areas (<90 m2/g) and cata-
lytic activities were those prepared with the lowest (7C) and highest (26C) amounts of 
carbon [III] and with drying of samples in a microwave oven (M1, M2) [II]. The sample 
with high surface area of 160 m2/g (M3) but lower activity than the other high surface 
area samples contained (Mn,Co)O along with the spinel phase, and this might explain 
the lower activity [II]. Further, it was noticed that catalytic activity increased with the 
impregnation time [I]. 

 

 

Fig.  13 Potential at 100 mA/cm2 vs. specific surface area of the catalysts in the electrodes. M1–
M3 denote samples dried in a microwave oven. 26C and 7C denote samples prepared 
from supported nitrates with carbon contents of 26 and 7 wt.%. The samples marked 
with temperature denote samples prepared in a conventional furnace for eight hours. 
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The MARS samples showed voltage drops of 50 and 60 mV when the current density 
was increased from 50 to 100 mA/cm2 and from 100 to 200 mA/cm2, respectively 
(Fig. 12). Some other Co-rich spinels [53, 111, 112, 171-174] measured in 5–7 M KOH 
and at 20–60 °C have shown corresponding voltage drops of 20–50 mV and 20–90 mV. 
However, as discussed in section 2.3, several factors including catalyst loading and 
electrode structure affect the fuel cell operation and polarisation curves. Thus, catalyst 
activities can actually be compared only as long as all other conditions are kept constant 
during electrode preparation and measurement. At present there is no standard method 
to measure the catalytic activity for fuel cell applications, which makes it difficult to 
compare the catalysts. 

3.6 Outlook 

This work has demonstrated that MnCo2O4 composed of small particles and of good 
catalytic activity can be prepared by microwave-assisted methods requiring only a few 
minutes and a short pretreatment. A major problem was that the carbon powder that was 
employed began to burn vigorously and reduced the metal ions, and cobalt ions even to 
metallic state. Thus, preparation methods that ensured slower oxidation of carbon had to 
be developed. In future, testing of different types of carbon might throw light on this 
problem. Since the Mn-Co nitrates absorb microwaves better than the metal oxides that 
are formed (section 3.2), better conditions for the preparation might be achieved by op-
timising the oxide to nitrate ratio. This ratio could be varied by changing the pre-
treatment temperature and the time in a conventional furnace. Also, precursors that do 
not enhance carbon oxidation as much as nitrates might be an advantage. Moreover, dif-
ferent solvents and different concentrations of precursors in the solutions should be 
tested, and drying temperature and time should be optimised. Some researchers [51] 
have noted that when metal precursors are impregnated into carbon for the preparation 
of high surface area metal oxides, the carbon should not burn totally away before the 
metal oxides are formed. Thus, the temperatures for the precursor decomposition and 
carbon oxidation should be determined, by thermogravimetric measurements for exam-
ple, to assess the suitability of the precursors for this kind of synthesis.  
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4 Preparation and characterisation of doped Raney Ni [V] 

4.1 Preparation method 

Raney nickel catalysts were prepared from metallic powders of nickel and aluminium 
with weight ratio 1:1. The amount of added dopant metal – Fe, Cu, Ti, Cr, or La – was 
2 wt.%, and the aluminium content was correspondingly decreased to 48 wt.%. The 
dopants were added in their metallic state, except for La, which was applied as nitrate. 
Usually, Al-Ni alloy is prepared by quenching Ni-Al melt, but in this work nickel, alu-
minium, and a dopant metal were mixed and alcohol was added until a paste was 
achieved. The paste was then extruded to a thickness of 1.2 mm with a roller and heat-
treated at 700 °C under hydrogen atmosphere for 7 h. The samples were cooled down in 
a water-cooling zone of the furnace with a continuous flow of nitrogen gas. The alloys 
formed in this way were ground in a mortar and sieved to 75 µm. Aluminium was 
leached from the alloys in 6 M KOH at 80 °C. The leached samples were washed with 
deionised water till the pH value was approximately 7. Usually the freshly leached Ra-
ney nickel is dried in vacuum and then deactivated, but here the samples were stored 
immersed in water to limit oxidation by air. 

4.2 Properties 

Energy dispersive X-ray spectroscopy (EDX) measurements revealed that the content of 
the residual aluminium in the catalysts was relatively high: on average 18 atomic % 
(14 wt.%). The contents of oxygen and dopants were 34–46 at.% and 1–3 at.%, respec-
tively. Most alloying metals undergo partial or even full oxidation during leaching 
[154], but the rather high concentration of oxygen and aluminium suggested that the 
alloy formation, leaching process, washing procedure, or storage was not fully success-
ful and that oxide films were formed on the surface of the catalyst particles. X-ray dif-
fraction patterns (Fig. 14) were recorded from the wet samples under a protecting film 
and revealed reflections of cubic Ni accompanied by weak reflections of aluminium hy-
droxide. Raney nickel without dopants showed the sharpest and most intense reflec-
tions, indicating the largest crystallite size and high crystallinity. The reflections of Ni 
in the Cr- and Ti-doped samples were slightly broader than in other samples indicating 
smaller crystallite size. 
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Fig.  14 XRD patterns of the Raney nickel catalysts with dopants. Asterisks denote aluminium
hydroxide. 

 

The Raney nickel catalysts consisted of particles of irregular shape, ranging in size from 
a few microns up to ~50 µm. A typical SEM image of the spongy feature of Raney 
nickel catalyst after the leaching step is shown in Fig. 15. Surface areas of the precursor 
nickel and aluminium metal powders were about 0.5 m2/g and pore volumes were neg-
ligible. The Raney nickel catalysts had surface areas more than a hundred times higher, 
ranging from 50 to 80 m2/g and being highest for the Cr-doped Raney nickel. Typical 
surface areas reported for doped Raney nickel catalysts applied in AFC range between 
40 and 80 m2/g [155, 156, 158, 161]. 

 

 

Fig.  15 SEM micrograph of a Raney nickel catalyst. 
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4.3 Catalytic activity towards HOR 

The catalytic activity towards HOR was measured in a half-cell setup similar to that de-
scribed in section 3.5, except that the measurements were done with H2 flow. The active 
layer contained 20–60 mg/cm2 of the prepared Raney nickel catalysts. During prepara-
tion of the electrodes the catalysts were kept under a protective film of water and the 
electrodes were heated under reducing atmosphere. This was done in order to reduce 
any oxide film that might have been formed during the preparation of the electrodes. 

Polarisation curves of electrodes containing the prepared Raney nickel as catalysts are 
displayed in Fig. 16. The smaller the change in potential from -920 mV, the better is the 
catalytic activity towards HOR. Dopants increased the catalytic activity for HOR in the 
order Fe<Cu<Ti<La<Cr. Before the electrochemical experiments, the atomic percent-
ages of Ni, Al, and O on the surfaces of the electrodes were, on average, 43, 25, and 
30 at.%, respectively. However, there were small differences in element contents, and 
the electrode performance was better for the electrodes with lower oxygen content on 
the surface. The oxygen content remained almost constant during the electrochemical 
experiment, except for the Cr-doped Raney nickel electrode in which it increased from 
28 to 45 at.%. Simultaneously, the Cr content on the surface of this electrode increased 
from 2 to 5 at.%. Further, during the electrochemical experiments aluminium leached 
into the electrolyte, and after the experiment the best electrodes had the lowest alumin-
ium contents on the surface. The amount of aluminium remaining varied from 7 to 
21 at.%, being highest for the Raney nickel without dopant.  

 

 
Fig.  16 Polarisation curves of electrodes containing doped Raney nickel for hydrogen oxidation 

reaction. 
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At -875 mV, Cr-, La-, and Ti-doped Raney nickel gave 6, 4.7, and 2.8 times as high cur-
rent densities as the Raney nickel without dopant. The activity and nature of these cata-
lysts were further examined by altering the catalyst load. The catalytic activity of Ti-
doped Raney nickel showed no change as the load was altered, whereas La-doped Ra-
ney nickel showed the best catalytic activity at medium catalyst load. The activity of the 
Cr-doped Raney nickel was enhanced with increasing catalyst load. When the catalyst 
loading was increased 1.6 and 2.2 fold from 29 mg/cm2 the current densities at -875 mV 
were 1.6 and 3 times as high, respectively.  

The increased activity of the Cr-based Raney nickel electrodes may be due to the sur-
face enrichment of the Cr particles. Figure 17 shows a SEM micrograph of an electrode 
containing the prepared Cr-doped Raney nickel before and after the electrochemical ex-
periment. During the electrochemical experiment, hexagonal shaped particles, 1–6 µm 
in size, became exposed on the surface and were distributed throughout the active sur-
face of the electrode (Fig. 17b). These particles were identified as chromium oxide. 
Similar aggregation of titanium oxide particles was observed for the Ti-doped Raney 
nickel electrode. This kind of particle agglomeration during electrochemical experi-
ments has been reported for Pt [175] and Pt-Co [6, 176] electrocatalysts as well, and can 
be explained in terms of the migration of the small crystallites by virtue of surface en-
ergy, potential gradients, and movement of the H atoms and OH– ions. 

 

 
a) 

 
b) 

 
Fig.  17 SEM micrographs of Cr-doped Raney nickel electrode (a) before and (b) after the elec-

trochemical experiment. 
 

Figure 16 shows that when the current density is increased from 50 to 100 mA/cm2 and 
from 100 to 200 mA/cm2, the Cr-doped Raney nickel undergoes voltage change of 20 
and 45 mV, respectively. The corresponding values for the higher Cr-load were 10 and 
25 mV (data not shown). During the electrochemical experiment lasting 100 h, the dete-
rioration rates for Cr-, Ti-, and La-doped Raney nickel electrodes at 100 mA/cm2 were 
0.05, 0.18, and >1 mV/h, respectively. For some other Raney nickel electrodes doped 
with Cr or Ti, or to which Cu2O has been added, corresponding voltage drops of 5–
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15 mV and 5–25 mV [155, 156, 158, 163, 166] and long term stabilities of 0.01–
0.02 mV/h [158, 163, 166] were measured in 6 M KOH at 50–80°C. However, as dis-
cussed in section 3.5, since these measurements were done with different loadings and 
electrode preparations, the catalytic activities of the catalysts are not entirely compara-
ble.  

One explanation for the higher catalytic activity resulting from the doping with Cr, La, 
and Ti than with Cu and Fe may be related to the Brewer-Engel valence-bond theory for 
bonding in metals and intermetallic phases. Significant synergism has been reported to 
occur in the hydrogen evolution reaction (HER) when early transition metals with 
empty or half-filled d-orbitals were alloyed with late transition metals that have inter-
nally paired d-electrons not available for bonding in the pure phase [177]. An important 
feature of these kinds of alloy combinations is that hydrogen storage capacity is high so 
that they can be used as negative electrodes in nickel-metal hydride batteries and as 
electrocatalysts for anodes in fuel cells [178-181].  

This work has demonstrated that dopants have a significant effect on the catalytic activ-
ity of Raney nickel towards HOR. Use of multi-component dopants could be favourable 
in the preparation of more stable and active catalysts [157]. The conditions of the syn-
thesis were not varied or optimised in this work as the main purpose was to compare the 
effect of different dopants. However, at least the cooling rate of the alloy and the leach-
ing temperature and time have a significant effect on the catalyst properties (sec-
tion 2.8). Varying the conditions of the synthesis, such as mixing and homogenising 
steps, duration and temperature of the heat treatment, and leaching and washing proc-
esses might lead to better catalytic activity and stability. 
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5 Conclusions 

The objective of this work was to develop methods for the preparation of catalysts for 
alkaline fuel cells (AFC): MnCo2O4 for oxygen reduction reaction (ORR) on the cath-
ode and Raney nickel for hydrogen oxidation reaction (HOR) on the anode.  

For the preparation of MnCo2O4, aqueous solutions of mixed Mn-Co nitrates were im-
pregnated into carbon powder. Carbon was used because (i) it is usually applied in the 
AFC electrode preparation and has moderate catalytic activity towards ORR, (ii) it can 
be used as a surface-enhancing agent to produce high surface area powders, (iii) it can 
decrease the decomposition temperatures of metal complexes allowing lower prepara-
tion temperatures, (iv) it absorbs microwaves rapidly and can be applied as an internal 
heater in the microwave-assisted synthesis. Use of carbon was found to have clear ad-
vantages. The Mn-Co nitrates supported on carbon began to decompose at lower tem-
peratures and produced less non-stoichiometric spinel than the preparation without 
carbon. Further, spinel preparation in the microwave oven required a minimum amount 
of carbon (13 wt.%) as an internal heater. 

The metal nitrates and oxides enhanced the oxidation of carbon, and most of the carbon 
was oxidised during the preparation. Long continuous heating of the nitrate-
impregnated carbon in a microwave oven resulted in vigorous burning of the carbon re-
sulting in the formation of other phases than spinel. Spinel formation became successful 
when several heating periods of a few minutes with cooling in between were applied. 
The formation of spinel in the microwave oven occurred via (Mn,Co)O, but this inter-
mediate was not observed during heating in a conventional furnace. The microwave 
treatment could be shortened to one minute if the carbon-supported nitrates had first 
been dried in a conventional furnace at 50 °C followed by the decomposition of nitrates 
at 200 °C. During the microwave treatment, an ignition reaction occurred, usually in 
less than one minute, and the reaction was allowed to proceed freely, usually for about 
ten minutes, in open air until it ceased by itself. MnCo2O4 on carbon prepared by this 
method contained ~10 wt.% residual carbon and had particle size less than 30 nm, and 
the combined surface area of the spinel-carbon powder was about 100 m2/g. 

The residual amounts of carbon in the spinel-carbon catalysts varied with the initial car-
bon content, pretreatment, and microwave treatment. As the residual amount of carbon 
in the spinel-carbon powder decreased, the combined specific surface area decreased 
almost linearly. The catalytic activity of the MARS samples was enhanced when the 
combined surface area of the spinel-carbon powders was increased to 90 m2/g, but in-
creasing the surface area beyond this value did not enhance the activity. The threshold 
surface area was reached with ~10 wt.% carbon in the final spinel-carbon catalyst. 
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Doped Raney nickel was prepared by leaching Al from Ni-Al-dopant alloys. The doped 
Raney nickel catalysts displayed surface areas of 50–80 m2/g. The highest surface area 
was achieved when Cr was added as dopant. The degree of crystallisation was lowest 
for the Cr- and Ti-doped catalysts and highest for the Raney nickel without dopants. 
Doping increased the catalytic activity of the Raney nickel in the order 
Fe<Cu<Ti<La<Cr. Doping with Cr and Ti showed the best long-term stability during 
measurements of 100 h. During the electrochemical experiment, Cr and Ti particles ag-
glomerated as metal oxides on the surface of the electrodes, and simultaneously the sur-
face content of chromium increased significantly. High contents of aluminium and 
oxygen in the samples indicated that the preparation process was not fully successful. 
Optimising the preparation conditions could lead to better catalytic activity. 
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Corrections for  
”Preparation and characterisation of MnCo2O4 and Raney nickel 
  catalysts for alkaline fuel cells”  
by Terhi Nissinen 

 

 

Page 7, section 2.4, first paragraph: 

cubic or tetrahedral    should be    cubic or tetragonal 

 

 

Page 11, section 2.7, first paragraph: 

The frequency of microwaves, 0.3–300 GHz [126], lies between radiowave and infrared 
frequencies, and corresponds to wavelengths from 0.1 mm to 10 cm. The frequency 
most often used, 2.45 GHz, corresponds to a wavelength of 1 mm. 

should be 

The frequency of microwaves, 0.3–300 GHz [126], lies between radiowave and infrared 
frequencies, and corresponds to wavelengths from 1 m to 1 mm. The frequency 
most often used, 2.45 GHz, corresponds to a wavelength of 12 cm. 

 


