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Abstract 

The NiO and cx-Fe20 3 samples from various backgrounds were used as precursors of the catalysts for CO hydrogenation. 
The effect of the initial microstructure of oxides on the morphological peculiarities and catalytic properties of the newly 
formed catalysts was studied using transmission electron microscopy and in situ XRD combined on-line with gas-chromato- 
graphic analysis. The initial morphology of precursors is found to be responsible for the direction and regularity of the 
solid-gas reactions yielding the catalyst, as well as for the 'architecture' and activity of the catalysts obtained: (i) NiO with 
the best developed plane (111) transforms into Ni3C/NiO catalyst consisting of platelet oxide particle covered by Ni3C 
microcrystals and producing the equal amounts of CH 4 and COz; disordering of the plane (111) induced by SD + HP leads 
to the formation of Ni /Ni  3C/NiO catalyst consisting of the polycrystalline phases, whose catalytic properties improved; (ii) 
NiO with the best developed plane (100) transforms into Ni /Ni3C/NiO catalyst containing NiO microcrystals covered by 
Ni(100) and polycrystalline Ni3C and giving CH 4 as a major product of reaction; action of SD + HP results in the formation 
of Ni /Ni3C/NiO catalyst containing polycrystalline Ni and Ni3C phases, whose catalytic properties degraded. Similar 
correlation is observed for the catalysts prepared from a-Fe20 3. 

Keywords: Nickel oxides; Iron oxides; Transmission electron microscopy; In situ X-ray diffraction; CO hydrogenation; Solid-gas reaction; 
Solid-phase transformation 

1. Introduction 

Topotactic reactions are found to be very 
important in solid state transformations includ- 
ing the preparation of catalysts [1-4]. As we 
recently reported, the initial microstructure of 
the oxide precursor determines both the solid- 
phase transformations resulting in the catalyst 
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formation and the 'architecture' and catalytic 
properties of the sample obtained [5-7]. We 
explain these phenomena through the structural 
similarities being observed between initial and 
product solid phases. The following experimen- 
tal results support our conclusions: (i) under the 
treatment by a CO/H 2 reaction mixture, the 
NiO sample with the best developed (111) plane 
gives the Ni3C/NiO catalyst consisting of 
platelet oxide particles covered by Ni3C 'mono- 
crystals' and separate carbide particles; (ii) un- 
der similar conditions, the sample of NiO with 
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the best developed (100) plane gives the 
N i /N i 3C / N i O  catalyst consisting of faceted 
cubic NiO microcrystals covered by Ni (100) 
layers and polycrystalline Ni3C; (iii) the cata- 
lysts possess different catalytic properties [6]; 
(iv) during the CO hydrogenation, two samples 
of (x-Fe203 with different morphology give the 
×-FesC2/Fe304 catalysts of varying 'architec- 
ture' and catalytic properties [7]. 

To prove our suggestion, we included into 
the investigations the samples of NiO and (x- 
Fe203 subjected to shear deformation under 
high pressure (SD + HP). The shear deforma- 
tion under high pressure on the Bridgeman anvil 
was used for disruption of the surface and bulk 
microstructure of oxides to verify the effect of 
initial microstructure on the peculiarities of 
solid-phase transformations. 

The CO hydrogenation seems to be of special 
interest due to the participation of CO and H 2 
in both the solid-phase and catalytic reactions. 

With this aim, the long-term monitoring of 
both the structural and catalytic properties of the 

samples was carried out using an in situ high 
temperature X-ray diffraction technique (XRD) 
combined on-line with a gas chromatograph. On 
different stages of transformation, the morphol- 
ogy of the samples was studied using transmis- 
sion electron microscopy (TEM). 

In the present work, we review our results 
concerning the following aspects of the solid- 
gas reactions: (i) the effect of morphology of 
nickel and iron oxides on the direction and 
regularity of the solid-phase transformations; 
(ii) the effect of initial morphology of NiO and 
ct-Fe203 precursors on the phase composition, 
microstructure, and the catalytic properties of 
the catalysts obtained. 

2. Experimental 

The preparation techniques and some proper- 
ties of the polycrystalline powder samples being 
used are presented in Table 1 [8]. The experi- 
mental procedure was described in detail previ- 

Table 1 
Description of NiO and tx-Fe203 samples 

Sample Preparation procedure Morphological features Surface area Average parti- Microstrain 
(BET) (m 2 cle size density 
g-  1 ) (TEM), 

NiO(C-1) 

NiO(C-2) 

NiO(P-1) 

NiO(P-2) 

~t-Fe203(1) 

(x-Fe203(II) 

Air calcination of NiCO 3 
(Merk) at 700°C for 5 h 

NiO(C-1) subjected to SD + 
HP on Bridgeman anvil, 20 
kbar, 140°C, cycle regime 
Plasmochemical method [8] 

NiO(P-1) subjected to SD + 
HP on Bridgeman anvil, 20 
kbar, 140°C, cycle regime 

Analytical grade 

ct-Fe2Oa(I) subjected to SD 
+ HP on Bridgeman anvil, 
20 kbar, 140°C, cycle regime 

Platelets with (111) best devel- 4.9 
oped planes, surface steps on 
lateral sides 
Well-developed dislocation net- 1.6 
work, disordered surface struc- 
ture of the close packed plane 
Cubic microcrystals with the 20.0 
(100) best developed planes, 
broad variation in particle size: 

200-2000 .~ 
Cubic microcrystals broken 7.2 
lengthwise of (111) plane, de- 
struction of large microcrystals 
into the smaller ones 
Hatelets with the best developed 9.0 
(0001) basal plane, layered struc- 
ture 
Disturbances in the layer pack- 10.0 
ing, disordering of microblocks 
without crushing the particle as a 
whole 

1500 

800 

400 

200 

1000 

2000 

0.002 

0.007 

< 0.001 

0.0025 
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ously [5-7]. The structural-catalytic tests were 
carried out at atmospheric pressure with the 
unreduced samples, which were placed into the 
flow thermochamber for XRD measurements or 
into the heated flow reactor cell for simultane- 
ous monitoring of the structural and catalytic 
properties. The initial sample was heated in a 
flow of He up to a chosen temperature. There- 
after, He was replaced by the reaction mixture 
of CO and H 2 (CO:H2= 1:1.5) with a total 
flow rate of 6 ml min-1. The changes in the 
phase composition of the catalyst and in the 
composition of the reaction mixture on the out- 
let of the reactor were registered simultaneously 
every 10 or 20 min, as dictated by the rates of 
solid-phase and catalytic reactions. The reaction 
temperatures varied in the range of 195-285°C 
for the NiO samples and in the range of 270- 
360°C for the o~-Fe20 3 samples. 

Two kinds of experiments were carried out: 
under non-steady-state and steady-state condi- 
tions. In the first case, a 1-h treatment of the 
sample in the reaction mixture at the given 
temperature took place. Then, the temperature 
was raised by 15°C and the run was carried on 
at the higher temperature, as before. In the 
second case, the treatment was continued at the 
given temperature until the steady state of the 
solid-phase and catalytic processes was 
achieved. Thereafter, the temperature was raised 
by 15°C and the run was prolonged until a new 
steady state was observed. 

To study the kinetics of the phase transforma- 
tion, we systematically recorded the XRD pat- 
terns containing the characteristic peaks of NiO, 
Ni, and Ni3C or oL-Fe203, Fe304, and ×-FesC 2. 
A scan speed of l ° /min  was used. The phase 
compositions of the catalysts were verified by 
the JSPDC data files. The relative concentra- 
tions of different phases in the sample were 
calculated on the basis of integral intensities of 
the characteristic diffraction peaks. X-ray spec- 
tra were obtained with a D-500 Siemens diffrac- 
tometer fitted with an HTK-10 Anton Paar ther- 
mochamber for in situ investigations and with a 
Dron-2 diffractometer furnished with a home- 

made flow reactor cell for simultaneous struc- 
tural and catalytic measurements [9]. Monochro- 
matized Cu K s or FeK~ radiation were used as 
X-ray sources. The microstructure of the initial 
samples and samples subjected to SD + HP was 
studied using XRD and TEM techniques. The 
time-counting XRD spectra were obtained using 
a HZG-4 diffractometer. The microstrain den- 
sity was calculated by the method given in [10]. 
TEM investigation were carried out using a 
JEM-100 CX electron microscope with 0.3 nm 
resolution and accelerating potential of 100 kV. 
The samples were prepared from an ethanol 
suspension and deposited onto the copper grids 
covered by an amorphous carbon film. 

3. Results and discussion 

3.1. ' Carbona te '  N iO  samples  

According to TEM data (Fig. 1, top left), the 
microcrystals of the initial NiO(C-1) sample 
have the form of thin platelets with the most 
developed (111) plane, as was shown by elec- 
tron microdiffraction. The surface steps are pre- 
sent on the lateral sides of the oxide particles. 
Microcrystals of the NiO(C-2) sample subjected 
to SD + HP (Fig. 1, top right) are characterized 
by a well-developed dislocation network. The 
concentration of lattice defects is so high (see 
Table 1) that the 'monocrystalline' structure of 
the NiO particle is transformed into a 'poly- 
crystalline' one. 

Interaction of the initial sample with a 
C O / H :  reaction mixture at 240-285°C results 
in the formation of Ni3C (Fig. 2a). The phase of 
metallic Ni is not detected during the tests. The 
peculiarities of solid-phase transformation under 
the reaction conditions are described in [6]. As 
is exhibited by TEM, the microcrystals of Ni3C 
appeared on the surface of the NiO(C-1) micro- 
crystals in the form of regular hexagonal 
platelets. When the 'monocrystalline' platelet of 
Ni3C occupies the whole (111) surface of the 
oxide particle, it leaves the 'parent' microcrys- 
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tal promoting the formation of a new Ni3C 
particle. The crystallographic orientation simi- 
larity between the most developed (111) plane 
of NiO(C-1) and the (0001) basal plane of the 
hexagonal unit cell of Ni3C leads to NiaC for- 
mation only when the definite amount of carbon 
atoms (Cirri,sic) accumulates in the subsurface 
layer of the oxide microcrystal [11]. The Cin~,si c 
can be produced by the following reactions: 

C O  -~- Ola  t "-~ C O  2 -~- Via t ( 1 )  

C O  -{- Via t ""> Cintrinsi c -]- Ola t (2) 

C O  ~ Cintrinsi c -F- C O  2 (3) 

COads + COads ~ Cintrinsi c -'[- C O  2 , (4) 

were Ola t and Vla t are the lattice oxygen and 
oxygen vacancy, respectively; COad s is a 
molecule of CO adsorbed. 

Thus, the Ni3C/NiO sample consisting of 

the 'monocrystalline' components is the product 
of solid-phase transformation of the NiO(C-1) 
sample in a C O / H  E mixture. 

The catalytic activity of the NiO(C-1) sample 
is found to be observed at 285°C. Table 2 
summarizes the results of catalytic and XRD 
experiments. Low values of CO conversion and 
C H  4 formation rate are observed before Ni3C is 
produced. When the Ni3C phase appears, the 
conversion of CO, as well as the rates of C H  4 

and CO 2 formation, increase proportionally to 
the content of carbide in the sample. 

Of special note is a very high rate of CO 2 
formation being observed during all of the ex- 
periments performed for the initial 'carbonate' 
sample and for the Ni-containing sample spe- 
cially prepared from the initial one [5]. We 
assume that the interface between NiO and NiaC 
is highly favourable for the CO 2 formation. On 

Fig. 1. TEM micrographs of (top left) initial 'carbonate' sample, (top fight) 'carbonate' sample subjected to SD + HP, (bottom left) initial 
'plasmochemical' sample, and (bottom right) 'plasmochemical' sample subjected to SD + HP. 
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the other hand, the low hydrogenation activity 
could be attributed to deficiency of centers for 
H 2 activation on the catalysts consisting of the 
oxide and carbide phases of special morphol- 
ogy. 

After the action of SD + HP, a well-devel- 
oped dislocation network is observed on the 
surface of the NiO(C-2) microcrystals. The dis- 
ordered 'polycrystalline' surface structure of the 
(111) close packed plane has no structural simi- 
larity with the (0001) basal plane of Ni3C. As a 
result, the NiO(C-2) sample is reduced to poly- 
crystalline Ni at 240°C. In contrast to the initial 
NiO(C-1), the phase of Ni3C is not observed 
(Fig. 2b). We assume that a great number of 
unsaturated Ni atoms appear in the vicinity of 
dislocation exits on the (111) plane, which are 
the centers of Ni nucleation. At 255°C, car- 
bidization of the Ni phase into polycrystalline 
Ni3C takes place. 

Thus, the interaction of NiO(C-2) with a 
CO/H 2 mixture gives the multicomponent 
sample Ni /Ni3C/NiO containing the polycrys- 

talline phases of Ni and Ni3C. In response to 
the mechanically induced defects in the initial 
microstructure, both direction and regularity of 
the solid state reactions are changed. 

The dynamics of catalytic and structural 
properties of Ni /Ni3C/NiO is shown in Table 
2. Mechanical activation of the NiO(C-1) pre- 
cursor improved the catalyst being prepared: the 
conversion of CO, as well as the C H  4 and CO 2 
formation rates, increased several times, as 
compared to those on the Ni3C/NiO sample. 
The fraction of hydrocarbons in the reaction 
products also increased. The presence of the 
metal phase is not the only reason of the cata- 
lyst improvement. A comparison between two 
Ni/Ni3C/NiO samples being prepared from 
NiO(C-1) and NiO(C-2) precursors shows that 
the second one with low Ni content has a better 
catalytic properties. 

Consequently, not only the phase composi- 
tion of a sample, but also the microstructure and 
morphology of the separate phase are important 
for the explanation of the catalyst behaviour. 

Nd:~400) 

a b 
Ge(511) NiO(400) 

95 gO 85 95 90 85 

ANGLE (2 O) 

Fig. 2. In situ XRD spectra obtained during the reaction of a C O / H  2 mixture with (a) NiO(C-1) and (b) NiO(C-2) at 240°C. 
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Unfortunately, our experimental data are insuf- 
ficient for this discussion. 

3.2. ' P lasmochemical '  N iO sample 

According to TEM micrographs (Fig. 1, bot- 
tom left), the initial NiO(P-1) sample consists of 
perfectly shaped cubic microcrystals of various 
size with a high concentration of point defects 
[6,12]. Microdiffraction data indicate that the 
(100) plane is the most developed one. Fig. 1, 
bottom right, shows the effect of SD + HP on 
the microstructire of the initial sample. Under 
the action of SD + HP, the major part of the 
large and medium-sized microcrystals breaks 
apart along the [100] direction transforming into 
smaller ones. A portion of these microcrystals is 
found to be broken along the (111) plane. The 

small microcrystals generally keep the perfect 
cubic shape. 

Interaction of the NiO(P-1) sample with a 
CO/H 2 reaction mixture at 190-240°C results 
in a partial reduction into metal Ni (Fig. 3a). 
According to TEM data, the layers of metal 
nickel(100) are formed on the surface of the 
NiO particles because of the orientation rela- 
tionship [100]Ni/[100]Ni o. The peculiarities of 
the reduction process were described in detail in 
[6]. When the fast-reacting small microcrystals 
were reduced into Ni, the reconstruction of the 
(100) plane of the large microcrystals was still 
in progress. The surface steps and facets were 
found to be formed lengthwise on the (111) 
plane of NiO. According to Buckett and Marks 
[13], the destruction of the (100) plane took 
place under the action of carbon clusters. We 

Table 2 
Dynamics of structural and catalytic properties of the initial 'carbonate' NiO samples and the sample subjected to shear deformation under 
high pressure, 285°C 

t a (min) Conversion CO (%) Selectivity b (%) Rate (mol s -  1 m - 2 )  

CH 4 C2H 6 CO 2 

Phase composition (tool%) 

108 109 108 Ni Ni3C NiO 

CH 4 C2H 6 CO 2 

Initial sampleA. NiO 
30 0.55 23.8 

90 0.86 33.1 

120 1.15 33.1 

150 1.93 33.7 

180 2.23 34.8 

210 2.63 38.9 

240 3.0 40.8 

270 3.34 42.8 

B. N i / N i 3 C / N i O  
30 8.5 48.8 

60 9.7 44.2 

90 10.9 44.8 

105 13.3 44.8 

Sample after SD + HP 

30 6.2 54.0 

60 5.8 55.2 
90 6.3 56.2 

120 6.3 55.6 

150 6.4 56.4 
180 7.3 56.0 

210 7.8 56.1 
240 7.8 56.5 

66.2 0.28 - 0.9 - 1 ~  

66.9 0 . ~  - 1.3 ~aces 1 ~  

66.9 1.0 - 2.3 - ~aces 1 ~  
66.3 1.3 - 2.6 - 0.96 99.1 

65.2 1.5 - 2.8 - 1 . ~  99.0 
61.1 2.0 - 3.2 - 2.5 97.5 

59.2 2.3 - 3.4 - 3.0 97.0 

57.2 2.9 - 3.8 3.9 96.1 

8.3 42.9 8.1 1.7 7.1 16.0 0.98 82.9 

5.4 50.3 8.1 5.9 9.3 15.5 2.6 81.9 

4.5 50.6 10.1 5.0 11.5 12.9 3.8 83.2 
4.6 50.6 12.0 6.2 13.5 11.6 6.2 82.2 

4.0 42.0 8.4 4.7 6.5 3.2 2.5 94.3 
4.2 40.6 8.1 6.1 5.9 2.2 1.8 96.0 
3.7 40.1 8.8 6.0 6.2 3.1 3.0 94.0 

4.0 40.4 8.5 6.1 6.1 4.0 3.2 92.8 
4.3 39.3 9.1 6.5 6.4 2.0 2.4 95.6 
4.5 39.5 9.7 7.0 6.9 1.8 2.6 95.6 

3.7 40.2 10.2 7.0 7.3 2.9 2.7 94.4 
4.1 39.4 9.8 6.5 6.8 3.4 2.6 94.0 

a A time count from the beginning of the run. 
b Product distribution is based on the content of CH 4, C2H 6, and CO 2 detected continuously at every run. 
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a 

N,O (400) 

G* (511) 

=.,, 
a 

! - 
96 94 92 9087 85 

Ni 13~ 1) 

195 min 330 rnin 

135 min I I P ' A ~ / I ~ W . ~  IIIIAII~ 279 min 
217 rain 

105 rain 197 min 

75 rain 165 rain 

15 rain 119 rnin 
61 rain 
12 rain 0 0 

96  94  92  9 0 8 7 8 ' 5  

ANGLE ( 2 0 )  

Fig. 3. In situ XRD spectra obtained during the reaction of a C O / H  2 mixture with (a) NiO(P-1) and (b) NiO(P-2) at 210°C. 

observed this kind of clusters by TEM in a 
subsurface layer of a NiO particle. Reactions 
(2)-(4) were the contributors of Cintri,si c being 
accumulated in the bulk of oxide. The reduction 
of the large microcrystals proceeded simultane- 

ously with the changes in morphology. As a 
result, the Ni /NiO catalyst was formed. 

At 255°C, the phase of Ni3C was obtained in 
the Ni /NiO catalyst. The kinetic study of solid 
state reactions established that starting from this 

Table 3 
Dynamics of structural and catalytic properties of the initial 'plasmochemical' NiO sample and the sample subjected to shear deformation 
under high pressure, 255°C 

t a (min) Conversion CO (%) Selectivity b (%) Rate (mol s -  l m - 2 )  Phase composition (mol%) 

CH 4 C2H 6 CO 2 108 101° 109 Ni Ni3C NiO 

CH4 C2H 6 CO 2 

Initial sample 
30 3.5 70.7 
60 3.9 74.5 
90 4.3 79.9 

120 4.9 85.6 
Sample after SD + HP 

30 4.0 44.5 
60 3.7 45.7 
90 3.9 48.0 

120 3.8 51.2 

4.6 24.4 0.77 3.3 3.3 7.0 93.0 
6.0 19.6 1.1 4.4 2.9 12.6 4.0 83.3 
5.9 14.2 1.13 4.2 2.1 17.0 7.4 75.4 
6.6 7.9 1.18 4.9 1.11 24.0 7.7 68.3 

55.5 0.84 10.7 8.6 8.8 82.6 
54.3 0.82 9.4 6.5 7.3 86.2 
52.0 0.84 9.0 5.8 6.2 88.2 
48.8 0.89 8.6 5.6 5.7 88.7 

a A time count from the beginning of the run. 
b Product distribution is based on the content of CH4, C2H6, and C O  2 detected continuously at every run. 
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temperature two pathways of NiO(P-1) transfor- 
mation existed, as follows: the reduction into 
Ni(100) and the carbidization into polycrys- 
talline Ni3C [5]. The scheme for the formation 
of the Ni /Ni3C/NiO system was recently pro- 
posed in [5]. As we showed for the 'carbonate' 
samples, the orientation similarity between the 
structural elements of NiO and Ni3C crystallo- 
graphic units was extremely important for the 
formation of nickel carbide. Close inspection of 
the Ni/NiO system indicated that there were 
two places of Ni3C formation. The first one was 
the interface between Ni and NiO, which was 
located lengthwise on the (111) plane of NiO 
and corresponded with the (111) plane of Ni. 
The second one was the stepped surface of the 
large NiO microcrystals, which was also located 
lengthwise on the (111) plane of NiO. The 
formation of Ni3C required only the stoichio- 
metric amount of carbon atoms accumulated on 
these surfaces through the diffusion of C int~nsic 
[11] 

Thus, the sample consisting of the multi- 
graded microcrystals of NiO covered by the 
epitaxial layers of Ni and polycrystalline Ni3C 
was formed from the NiO(P-t) precursor. 

The catalytic activity of the Ni/NiO catalyst 
in the CO hydrogenation was detected at 240°C. 
The dynamics of the structural and catalytic 
properties at 255°C is presented in Table 3. The 
changes in the phase composition result in an 
increase of the conversion of CO and of the 
rates of CH 4 and f E n  6, formation. The rate of 
CO 2 formation decreases. The selectivity of 
CH 4 formation is found to be much higher than 
that for the catalyst being prepared from the 
NiO(C-1) precursor (Table 2). We propose that 
the (100) surface of Ni is specially suitable for 
the H 2 activation. 

After the action of SD + HP, the reduction 
and carbidization of the NiO(P-2) sample begin 
at the same temperature, 210°C (Fig. 3b). We 
suggest that a rise in the temperature of reduc- 
tion is associated with the effect of the disloca- 
tion network on the diffusion coefficients: mag- 
netic measurements point to the presence of 

highly dispersed Ni clusters in the grain bound- 
aries. According to TEM data, the bulk and 
surface distortions promote the formation of 
polycrystalline Ni instead of Ni(100) epitaxial 
layers being obtained on NiO(P-1). The reduc- 
tion into Ni proceeds slowly during the first 120 
min of the run. Then, the rate of the reaction 
rapidly increases. Simultaneously, the carbidiza- 
tion of both the NiO and polycrystalline Ni 
begins. The splits on the NiO microcrystals, 
which were located along the (111) plane, seem 
to be suitable for the Ni3C formation because of 
the orientation similarity with the (0001) basal 
plane Ni3C. The polycrystalline Ni is easily 
transformed into Ni3C in a CO/H 2 mixture [6]. 
For these reasons, the carbidization of NiO(P-2) 
occurs at about 45°C lower than that of NiO(P- 
1). 

Thus, the interaction of NiO(P-2) with a 
C O / H  2 mixture gives the Ni/Ni3C/NiO mul- 
ticomponent sample containing the polycrys- 
talline phases of Ni and Ni3C. In response to 
the action of SD + HP, the regularity of the 
solid state reactions is changed. 

Comparison of the data being obtained for 
the NiO(P-1) and NiO(P-2) samples demon- 
strates the dramatic changes in their catalytic 
properties (Table 3). In contrast to the 
'carbonate' samples, the mechanically induced 
defects in the NiO(P-2) precursor lead to the 
degradation of the 'plasmochemical' catalyst in 
the CO hydrogenation. The rate of CO 2 forma- 
tion increases sharply and becomes nearly equal 
to the rate of CH 4 formation. Therefore, the 
CH 4 selectivity reduces by ~ 30%. No CEH 6 
is formed during the reaction. However, conver- 
sion of CO, as well as the rate of CH 4 forma- 
tion, seem to be insensitive to system distur- 
bances. 

By TEM data, the Ni/Ni3C/NiO catalysts 
being prepared from NiO(P-1) and NiO(P-2) 
precursors vary in the morphology of the sepa- 
rate phases, as well as in the 'architecture' of 
the total samples. The surface of the 
Ni/Ni3C/NiO(P-1) is found to be covered by 
the layers of Ni(100). Whereas, the polycrys- 
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talline metal does not form a continuous layer 
on the surface of the Ni/Ni3C/NiO(P-2) due to 
the absence of the structural similarity with the 
(100) plane of NiO. Thus, the surface of the 
oxide and the Ni3C/NiO interface are accessi- 
ble for the reagents, as well as in the case of the 
Ni /Ni3C/NiO catalysts being prepared from 
NiO(C-1) and NiO(C-2) precursors. Of special 
interest is the correlation between catalytic 
properties of these samples indicating similar 
tendency: a high rate of CO 2 formation and, as 
a result, a low selectivity to hydrocarbons. 

Thus, the change in the morphology of the Ni 
phase results in the drastic changes in the cat- 
alytic properties of the sample. 

3.3. ol-Fe203 sample 

According to TEM data, the initial sample of 
ot-Fe203 consists of sufficiently well packed 
'monocrystalline' platelets with a layered struc- 
ture. The (0001) basal plane is the best devel- 
oped plane of the particles. Under the action of 
SD + HP, the number of defects in the crystal- 
lites increases considerably due to disturbances 
in the layer packing. Disordering of mi- 
croblocks without crushing the particles as a 
whole is observed. Shearing and turning of the 
layers seem to occur in more than one direction 
[7]. 

The interaction of both samples with a 
CO/H 2 reaction mixture is found to be a two- 
stage process. On the first stage (270-285°C), 
hematite transforms into magnetite, Fe304. On 
the second stage (T > 300°C), the phase of X- 
FesC 3 is found to be formed. At 360°C, both 
samples include 50 mol% of Fe304 and 50 
mol% of ×-FesC 2. In spite of similar phase 
composition, the newly formed samples differ 
significantly in their 'architecture'. 

According to the data of TEM and Moess- 
bauer spectroscopy, the sample of nonstoichio- 
metric magnetite (nonstoichiometric parameter 

= 0.02) being prepared from the initial et- 
Fe203 consists of the polygonal platelets mor- 

phologically similar to those of the 'parent' 
oxide. 

Reduction of the oL-Fe203 sample subjected 
to SD + HP gives a nonstoichiometric mag- 
netite whose oxidation state is high (8 = 0,09). 
This sample contains disordered particles with a 
high cation vacancy concentration. 

The extremely important is to visualize the 
'architecture' of the x-FesC2/Fe304 samples 
[7]. The x-FesCz/Fe304 (I) consists of the 
well-crystallized particles of Fe304 with the 
(l 1 l) best developed plane. The inclusions of 
imperfect carbide are found to penetrate the 
bulk of the magnetite particle. Each particle of 
the intercalated oxide/carbide system is sur- 
rounded by a thin layer (up to 100 A) of 
amorphous carbon. The x-FesCz/Fe304 (II) 
consists mainly of the imperfect Fe304 particles 
covered with carbon precipitates. The loose ag- 
gregates of ×-FesC 2 and some amount of coke 
are also occur. 

Fig. 4 demonstrates the integral kinetic curves 
describing the changes in the phase composition 
of the samples and in the conversion of CO to 
the C1-C 4 hydrocarbons at non-steady-state 
conditions. Initial catalytic activity in the CO 
hydrogenation was detected for the magnetite 
samples. On this stage, the Fe304(II) sample 
with the disordered particles and high vacancy 
concentration demonstrates the catalytic activity 
nearly twice higher than that of the Fe304(I). 
Thus, the mechanically induced defects in the 
precursor improve the catalytic properties of the 
Fe304 samples. The further solid-phase trans- 
formation results in degradation of the 'active' 
catalyst and in improvement of the 'low-active' 
one. 

The role of 'architecture' of the catalyst is 
most conspicuous on this stage. For the forma- 
tion of hydrocarbons from CO and H 2, the 
sample with the well-crystallized Fe304 parti- 
cles penetrated by the carbide inclusions is found 
to be favored over the sample consisting of the 
Fe304 particles surrounded with the carbon pre- 
cipitates and loose aggregates of ×-FesC2, in 
spite of similar phase composition of both cata- 
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lysts. The disruption of spinel lattice hesitates 
development of the well-oriented carbide layers. 
We assume that the loose aggregates of carbide 
and lamella of carbon reduce the catalytic activ- 
ity preventing the access of reactants to the 
active surface. 

Although our experimental data do not allow 
the derivation of any kind of relationships be- 
tween the catalytic properties and surface struc- 
ture of the samples, it is interesting to compare 
briefly the results obtained with the recently 
published studies performed on similar systems. 

The catalytic features observed for 
Ni/NiaC/NiO(P-1) sample are in a good 
agreement with those observed for supported 
and polycrystalline metal catalysts, as well as 

for the single crystal metal planes [14-20]. This 
is not surprising since the duality is an inherent 
property of the system: from the one side, it is a 
supported catalyst consisting of metal Ni (up to 
24 mol%) supported on NiO; from the other 
side, it is a model of the Ni(100) single crystal 
surface [6]. However, we found no evidence that 
the N3C phase is an intermediate in the CO 
hydrogenation. 

Contrary to N i /N i3C/NiO(P-1 ) ,  the 
Ni3C/NiO(C-1), Ni/Ni3C/NiO(C-2),  and 
Ni/NiaC/NiO(P-2) samples exhibit completely 
different properties (Tables 2 and 3). The rate of 
CO 2 formation is found to be nearly the same, 
as the rate of CH 4 formation, that is unusual for 
the Ni-containing catalysts. Similar results are 
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obtained for x-FesCz/Fe304:  the rate of CO 2 
formation is equal to or higher than the total 
rate of C1-C 4 hydrocarbons formation. Thus, 
the x-Fe5C2/Fe304 and Ni3C/NiO(C-1) sam- 
ples containing only carbide and oxide phases 
of special morphology and carbon inclusions are 
very similar in their catalytic behavior. Through 
this phenomenon of particular interest, we 
demonstrate that the catalytic properties strongly 
depend on the phase composition of the cata- 
lyst. As for the Fe-containing catalyst, these 
data satisfactorily correlate with the stoichiom- 
etry commonly observed: 2CO + 2H 2 ~ C H  4 

+ CO 2 [21,22]. A major portion of CO 2 can be 
produced by the Bell-Boudouard reaction, as 
well as by the water-gas shift reaction and 
partial reduction of iron oxide giving new ad- 
sorption centers, e.g. anion vacancies [14,21,7]. 
The low hydrogenation activity due to defi- 
ciency of the centers for H 2 activation leads to 
the deposition of carbide carbon or surface car- 
bide overlayers [6,7,19,23]. The Ni-containing 
catalysts seem to be unsuitable for the water-gas 
shift reaction; instead, carbide carbon reacts with 
H20  giving CO 2 [14,24]. We suppose that the 
hydroxyl groups covering the oxide surfaces 
[25-28] also take part in the CO 2 formation. 
These groups are found to be particularly stable 
on NiO(111). The OH coverage is by a factor of 
3 larger on NiO(111), as compared to NiO(100) 
[25,26]. The OH groups may participate in the 
formation of formates on the NiO surface dur- 
ing the treatment in a C O / H  2 mixture 
[4,14,27,29,30]. At the low hydrogenation activ- 
ity, decomposition of formates, as well as car- 
bonates, leads to CO 2 formation. Also, CO 2 is 
produced by the reaction of hydroxyl groups 
with carbonyl species, [31]. 

The above-mentioned explanation for the un- 
usual behavior of Ni3C/NiO(C-1) catalyst in 
the CO hydrogenation is not faultless for the 
N i / N i 3 f / N i O ( C - 2 )  and Ni /Ni3C/NiO(P-2)  
samples because the Ni present in the catalyst 
facilitates H 2 activation. Consequently, it is our 
goal to study the reactivity of surface species on 
all of these samples in the near future. 

4. Conclusion 

The initial microstructure and morphology of 
the polycrystalline iron and nickel oxide precur- 
sors are of fundamental importance in the pro- 
cesses of the catalyst preparation. The structural 
peculiarities of original oxides have a pro- 
nounced effect on the phase composition, 'ar- 
chitecture', and the catalytic properties of the 
newly formed multicomponent samples. Dis- 
rupting the oxide microstructure, we violate the 
direction and regularity of the solid state reac- 
tions. As a result, the structural and catalytic 
properties of the multiphase catalysts vary. The 
role of mechanically induced structural defects 
in improving the catalytic properties of the sam- 
ples being formed is open to speculation. 
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