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A study has been made of the effect of nickel oxide morphology on the mechanisms of structural
transformation during activation in a CO/H, environment using in situ X-ray powder diffraction
and transmission electron microscopy. It was found that in the initial reaction stage nickel oxide
structure transforms in two ways: (i) reduction of NiO to Ni with the formation of Ni/NiO system;
and (ii) carbidization of NiO with the development of Ni;C/NiO catalyst. The specific phase
transition has been shown to depend on the structural similarity between the crystal lattices of the
parent oxide and resulting product. The obtained data revealed that interaction of NiO with CO/H,
reaction mixture is a structure sensitive reaction. The role of carbon monoxide in both topochemical

processes is also discussed.

INTRODUCTION

Ni-based catalysts are typical catalysts
for methanation reaction. Usually, these are
supported systems or alloys containing Ni
as well as metallic catalysts like Raney
nickel (/-5). Although the methanation re-
action has been the subject of much re-
search, information on the phase transition
of Ni-based catalysts under reaction condi-
tions was, until recently, quite poor.

The aim of the present study was to inves-
tigate nickel catalyst structure formation on
the first step of its treatment with a reaction
mixture. Two NiO specimens prepared by
different methods and possessing unequal
morphologies have been studied. Structural
investigation was carried out using in situ
high-temperature X-ray diffraction (XRD)
and transmission electron microscopy
(TEM).
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EXPERIMENTAL

The first NiO(I) sample was prepared by
the decomposition of Ni(NO;), solution at
arc plasma (6). It has a BET specific surface
area of 20m* g~ '. The second NiO(I]) speci-
men was obtained by air calcination of
NiCO; (Merk Trademark) at 700°C for 5 h
(the BET surface areaisequalto4.9m?g ).
X-ray microanalysis revealed® that carbon
was present on the order of 0.01 and 0.004
wt% in the NiO(I) and NiO(Il) samples, re-
spectively.

X-ray spectra were obtained with a D-500
Siemens diffractometer fitted with an HTK-
10 Anton Paar thermochamber for in situ
investigation. The monochromatized Cuk,,
radiation was used as an X-ray source.
Phase composition of the samples has been
verified using JCPDS data files.

! Data were obtained using X-ray electron probe mi-
croanalyzer “*Spectrozond’’ (Baikov Institute of Metal-
lurgy, Moscow).
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Before X-ray measurements, 0.2 g of NiO
sample was inserted into the thermocham-
ber and heated in flowing He up to the cho-
sen temperature. Then He was replaced by
the reaction mixture (CO:H, = 1:1) with a
flow rate ca. 80 ml min~'. The experimental
temperature interval was 195-240°C. The
experimental recorded time was not less
than 170 min. Registration velocity of X-ray
spectra was equal to 0.5° min~',

For study of phase transformation kinet-
ics the 20 = 85°-95° spectral region was
systematically investigated. This region is
characterized by the simultaneous presence
of diffraction peaks of different phases,
namely, (400) NiO, (311) Ni, and (112) Ni,C
with 8, 20, and 80% intensities, respectively.
The (511) X-ray diffraction peak of Ge pow-
der used as the internal standard is also lo-
cated in the same spectral region.

Analysis of X-ray diffractograms has
made possible a direct observation of the
catalyst structural transformation caused by
the reaction mixture treatment. The follow-
ing parameters of X-ray spectra for initial
oxide and new phases have been taken into
account: interplanar distances and unit cell
parameters, particle sizes (7), and inte-
grated intensities of diffraction peaks for the
determination of a relative concentration of
different phases in the specimens in ques-
tion. For discrimination of the thermal effect
(7) additional X-ray measurements for all
the specimens were carried out in air and
in He at the experimental temperatures. The
alteration rates of different phase concentra-
tions under reaction conditions were mea-
sured as a change of the integrated intensity
of the characteristic diffraction peaks for
the definite phase per time. For comparative
analysis of the phase transition dynamics,
the reduction of the NiO specimen by a mix-
ture of 5% H, in He under analogous condi-
tions was also studied.

The morphology and structure of the cata-
lyst particles on the different steps of phase
transition were analyzed ex situ using TEM.
The resolution limit of the JEM-100CX mi-
croscope is above 0.3 nm. The specimens

for TEM investigation were prepared ac-
cording to the method described in (8).

RESULTS
NiO(I) Sample

According to TEM data, the particles of
the NiO(I) sample have the form of cubic
microcrystals with (100) as the most devel-
oped plane (Fig. 1a). The particle size is
about 40 nm, but larger crystals (up to 200
nm) also exist.

Treatment of NiO(I) in reaction mixture
has resulted in NiO reduction to metallic Ni
and formation of a biphase Ni/NiO system,
On the first reduction step at 195°C, the
metastable Ni metal phase has been ob-
served on X-ray spectra: the (311) Ni weak
broadening diffraction peak appears and dis-
appears periodically on diffractograms. At
210°C, the phase of Ni metal is reliably de-
tected (see Fig. 2a), though not more than
8% of the NiO is reduced to metallic Ni. The
latter was calculated using X-ray diffraction
data, i.e., on the base of the alteration of the
integrated intensity of the (400) NiO peak.
According to TEM, on this stage the epitax-
ial growth of Ni metal on the surface of NiO
particle with [100]y;/{100}y;, orientation re-
lationship is observed. This result was ob-
tained on the basis of Fourier analysis of
the high resolution micrograph represented
in Fig. lc. Figure 1d shows Fourier trans-
form pattern. One can see that there are
diffraction spots indicated in the Fourier
transform pattern with distances of 2.086
and 1.76 A. These values are close to the
(200) interplanar distances for NiO and Ni,
respectively. It seems likely that metallic
nickel arises in the form of a thin layer par-
tially covering the surface of NiO micro-
crystal. The presence of metallic pieces on
the oxide surface is also confirmed by the
observation of moiré fringes on the micro-
graph (see Fig. Ic) due to the slight discrep-
ancy between the lattice parameters of Ni
oxide and Ni metal.

As derived from X-ray measurements, the
particle size of Ni in the sample under inves-
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10 _nm

FiG. |. TEM micrographs of (a) the initial NiO(I) particle, (b) NiO(l) microcrystal on the first
reduction step, and (c) NiO(]) particle partially reduced to Ni metal; (d) Fourier transform pattern of
the micrograph represented in (c).

tigation increases with increasing concen-
tration of metal phase when raising the tem-
perature (from 20 to 50 nm at 210°C and up
to 60 nm at 240°C).

Figure 3 shows the integrated curves of
NiO(I) reduction by reaction mixture of CO
in H, (1:1) at 210°C (curve (1)) and at 240°C
(curve (2)), respectively. For comparison,
the curve of NiO(1) reduction by mixture of
5% H, in He at 210°C is also given in Fig.
3 (curve (3)). It should be noted that experi-
ments at 210 and 240°C were carried out
successively. After reduction at 210°C the
specimen was cooled to room temperature
in a CO/H, mixture which was replaced by
He. After 12 h, the specimen was heated up

to 240°C in 7 min, then a reaction mixture
was introduced.

From Fig. 3, one can see that the process
of NiO(I) reduction in the CO/H, mixture
is characterized by a prolonged induction
period (ca. 30 min). In contrast, the reduc-
tion process in the H,/He mixture may be
described using classic topochemistry equa-
tions, in agreement with models reported in
(9). After 30 min, the NiO reduction rate in
H,/He became higher than that in the CO/
H, mixture (ca. 3.5-fold increase). Conse-
quently, CO may be considered as an inhibi-
tor of the reaction of NiO reduction.

Configurations of curves (1) and (2) from
Fig. 3 indicate the diffusion type of NiO
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FiG. 2. X-ray spectra obtained during nickel oxide structure transformation under treaimem with
CO/H, reaction mixture: {a) NiO(I) sample, 210°C; (b) NiO(1D) sample, 240°C; (c) Ni;C/Ni/NiO(II)

system, 240°C.

reduction mechanism. Indeed, the rate of Ni
formation falls right on the line. For drawing
these curves, we used (W — 1/\/t) coordi-
nates, where W (rate of Ni formation) was
calculated on the basis of alteration of the

integrated intensity of the (311) X-ray dif-
fraction peak for experimental time . The
latter was considered as a period from the
beginning of each step on the kinetic curves
(9). Steps on the (1) and (2) kinetic curves
seem to be associated with the reduction of
the definite amount of NiO. These data are

Ni content . .
(arbitrary units) 2 listed in Table 1.
ia Data given in Table | show that reaction
Ni content rate decreases just after the formation of

12

/ (arbitrary units)
10
/(1/ l {u0

4-6% of the metallic Ni. Afterwards new

8
. TABLE |
Degree of NiO(1) Reduction to Ni Metal on Different
4 Steps of Oxide Interaction with the CO/H, Reaction
Mixture
2 -

Temperature Experimental Initial step of Final step of

" N " i i 1 °C) time (min)  NiQO reduction (%) NiO reduction (57}
40 86 120 168 200 248
Reaction time (min} 210 153 First step Second step
a6 7.6
FiG. 3. Integrated kinetic curves of Ni metal forma- First step Third step
tion from NiO(I) specimen under different experimen- 240 5 14 n
tal conditions: (1) 210°C, CO/H, = 1: 1:(2) 240°C, CO/ 12 Second wtep

H, = 1:1;(3) 210°C. 5% H. in He.
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F16. 4. TEM micrographs of NiO(1l) sample on different stages of its reduction by Co/H, reaction

mixture: initial (1), after carbidization (b).

a reactive surface forms at once, and the
reduction process renews and proceeds un-
til the reaction zone becomes full of prod-
ucts of the NiO interaction with the reaction
media.

NiOUI) Sample

According to TEM results, particles of the
NiO(II) specimen are in the form of platelets
with (111) developed faces and sizes about
of 150 nm (Fig. 4a). One can also observe
NiO microcrystals with (110) well-devel-
oped planes and surface steps on the lateral
sides of NiO particles.

In comparison to the NiO(I) sample, the
temperature of NiO(I1) transformation upon
treatment by the reaction mixture is higher
and equal to 240°C. The final product of
such a transformation is a biphase Ni,C/NiO
system. The Ni metal phase is not observed
(Fig. 2b). Furthermore, additional experi-
ments were performed when the Ni metal
phase was developed by reduction of
NiO(II) with hydrogen. And then, after the
following treatment with the reaction mix-
ture under the same conditions as in the case
of the Ni/NiO(I) system, this metal phase
easily transformed into nickel carbide. But it
should be noted that the Ni/NiO(I) catalysts
did not transform into Ni,C during the whole
experimental cycle.

Figure 5 shows the integrated kinetic
curves of NiO(ll) carbidization by CO/H,
mixture at 240°C. Curve (1) refers to Ni,C
formation, curve (2), to NiO consumption.
As one can see, the configuration of these
curves is the same as in the case of the
formation of Ni metal from NiO(l). There
is a diffusion controlled reaction, as evident
from the linear character of the Kkinetic
curves.

Figure 6 represents the rate of nickel car-
bide formation (curve (1)) and change of its
crystal sizes (curve (2)) calculated on the

Ni0 content NijC content
(arbitrary units) ( r%ztrarg units)
1 o
S 1
z 12
16 -
—— e ®&—_ -
lsr - L AP -
11
1+
- S
20 68 168 140 180

Reaction time (min)

F1G. 5. Integrated kinetic curves of NiO(II) carbidi-
zation by CO/H, = 1:1 mixture at 240°C: (1) Ni,C
formation; (2) NiO consumption.
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F1G. 6. Alteration of (1) the rate of Ni;C formation

and (2) Ni:C particle sizes during the process of NiO(11)
carbidization by CO/H, mixture at 240°C.

basis of X-ray measurements upon reaction
conditions. As eviden: ‘rom this figure, a
reaction decrease coincides with the in-
crease of Ni;C crystal sizes up to the largest
ones. After that the reaction comes new cy-
cle beginning with a sharp decrease of Ni;C
particle sizes. Calculations indicate that on
the initial stage of NiO(ll) carbidization
(first step on curve (1)) only 47% of the
nickel carbide is formed.

For the performance of the next reaction
cycle (second step on curve (1) from Fig. 5)
and formation of ca. 53% of the Ni,C, ca.
6.5% of NiO(1I) should be depleted. These
calculations fit well with TEM data. Ac-
cording to TEM observation Ni;C phase ap-
pears on the surface of the NiO(II) crystal
in the form of regular hexagonal platelet
(Fig. 4b). Such a platelet occupies a whole
(111) surface of the NiO(II) particle, then it
may release from the surface, thus promot-
ing formation of a new Ni;C microcrystal.

Figure 5 demonstrates a long induction
period (over 40 min) for the carbidization
process. The presence of such an induction
period may be associated with the accumu-
lation of a definite amount of active carbon
in the oxide volume and approximation to
the stoichiometric Ni/C ratio for the forma-
tion of the nickel carbide phase (/10). To a
certain extent, the above assumption might

be justified by the fact that the NiO lattice
parameters increase on the first stage of the
carbidization process (Fig. 7) due to the in-
sertion of active carbon into the oxide
lattice.

DISCUSSION

With careful examination of represented
results, it should be possible to reach some
important conclusions. First, the interaction
of CO/H, mixture with nickel oxide is a
structure sensitive reaction. The mecha-
nism of this reaction depends on the struc-
ture similarity between crystal lattices of the
reagent and product, therefore, two routes
of NiO structure transformation may be re-
alized, namely, reduction of NiO to Ni metal
and NiO transformation into Ni;C. Second,
the peculiarities of NiQO structure transfor-
mation could not be reliably explained using
a formal kinetic approach. Comparison be-
tween the shapes of curves from Figs. 3 and
5 indicates that the kinetics of NiO transfor-
mation into Ni metal (NiO(I) sample) and
Ni,C (NiO(1l) sample) may be ascribed as
diffusive. The reaction decrease for differ-
ent routes of NiO transformation is associ-
ated with the blocking of the reaction sur-
face. The structure transformation goes
through a new reaction cycle after a new
reactive surface becomes accessible for the
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FIG. 7. Alteration of the (400) NiO lattice parameter
during the carbidization of the NiO(Il) sample.
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reaction mixture. The rates of these topo-
chemical processes seem to be equal. But
mechanisms for both reactions essentially
differ from each other.

For the NiO(I) specimen, the main factor
responsible for the reduction process is
thought to be Ni>* cation diffusion from the
bulk of the nickel oxide (/7). This diffusion
depends on the gradient of oxygen concen-
tration on the oxide surface. The oxygen is
removed from the surface due to interaction
with hydrogen and/or carbon monoxide. We
may suggest that on the first reaction step
metal arises on the oxide surface in the form
of small islands. The appearance and disap-
pearance of the (311) Ni metal peak on X-
ray spectra may be considered as evidence
for the growth or destruction of such metal
islands.

On the second reaction step, the epitaxial
metal layer forms on the oxide surface as
derived from the analysis of TEM micro-
graphs (Fig. I¢). It should be noted that such
a situation is realized during NiO(I) reduc-
tion by H,/He mixture. But in this case the
reaction rate as well as the degree of NiO
transformation into metallic Ni is higher.
Due to a broad size distribution in the NiO(I)
specimen, the above-mentioned assumption
is of relevance to the NiO crystals with mean
sizes. Therefore, one could suggest that
small NiO particles are covered by a
“‘thick’” metal layer, whereas more larger
crystals only begin to reduce with formation
of small metal clusters.

The peculiarities of NiO(1) reduction with
CO/H; mixture were shown to be associated
with the dramatic change of morphology of
the oxide particles. TEM results revealed
that on the first step of NiO(l) reduction
with the CO/H, reaction mixture, there are
small perfect cubic oxide microcrystals (size
is above 2 nm) and large (up to 200 nm) ones
with numerous surface steps (see Fig. 1b).
According to data represented in (/2) the
surface reconstruction, recrystallization
and destruction of the (100) plane of the NiO
microcrystal may be caused by the presence
of carbon clusters being formed in a subsur-

face layer of NiO particle at a low partial
pressure of carbon monoxide. Indeed, the
formation of the surface steps and facets
in NiO(I) microcrystals was observed only
after specimen treatment with CO/H, reac-
tion mixture.

It is well established (/3) that carbon mon-
oxide actively reacts with the (100) plane of
NiO monocrystal in the presence of hydro-
gen traces. As a rule (/4), the concentration
of point defects in the structure of NiO cubic
crystals is high, therefore the scheme of car-
bon migration into the NiO subsurface layer
can be written as

H, + O, — H,0 + Vac,
CO + Vac— 0, + C,

where O, is lattice oxygen, and Vac is a
lattice vacancy or isolated Ni atom. Thus,
the presence of CO may result in the de-
struction of large NiO(l) microcrystals on
the first step of their interaction with reac-
tion media.

On the next step of the reduction process
when the metal phase forms on the oxide
surface, the CO adsorption on the metal cen-
ters and metal-oxide boundary might take
place as follows (/5):

ntrinsic »

CO,,. + *— COX,

gas

Cojdx + CO:dsﬁ * + C:ir‘nrinsic + COZ

Here * designates the active site. This car-
bon seems to localize on the interphase
metal-oxide boundary or to “*fall’’ into the
crystal volume with the formation of carbon
clusters (/0, 16, 17). The accumulation of
carbon on the interphase boundary might
change the diffusion characteristics of this
region. The latter is essential because the
intergrain boundary strongly affects the pro-
cess of cation and oxygen diffusion (/8).
Thus, we can easily see that carbon mon-
oxide plays a key role in the topochemical
process. On one hand, the dissociative ad-
sorption of CO on the metal centers (a first
stage of CO molecule activation in methana-
tion reaction) leads to carbon insertion into
the metal-oxide boundary that might en-
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FiG. 8. Integrated Kinetic curves of Ni/NiO(Il) car-
bidization by CO/H, = 1:1 at 240°C: (1) —Ni,C: (2)
—Ni: (3) = NiOdD).

hance the oxide reduction process. On the
other hand, carbon easily diffuses through
the bulk of the NiO microcrystal with forma-
tion of carbon clusters; the latter may result
in the development of surface steps and de-
struction of the oxide particles. It seems
likely that steps are the fresh surface on
which the process of NiO reduction to Ni
metal renews at a time and continues until
the surface of the largest NiO crystals be-
comes reactive.

Results of XRD measurements which can
reveal an average unit cell indicate that not
more than 25% of NiO(I) reduces to Ni
metal. Consequently, all structural transfor-
mations occur at the NiO subsurface layer.
Taking into account the value of the sample
specific surface, mean particle diameter,
and geometry of the unit cell of NiO, we
may calculate the thickness of this layer.
The latter does not exceed a threefold unit
cell parameter. It seems likely that the
amount of carbon accumulated at the NiO
subsurface during the time for reduction of
40-60% of the NiO(l) (see Fig. 3, steps on
curves (1) and (2)) is enough for the creation
of the destructive strains in the crystal
lattice.

The interaction of the NiO(II) catalyst

with the CO/H, reaction mixture shows a
difference with respect to the NiO(l) sam-
ple. In this case only a nickel carbide phase
has been observed. Neither TEM nor XRD
method revealed the presence of Ni metal in
the NiO(II) specimen. When the Ni/NiO(I1)
biphase system was specially prepared, the
Ni metal easily transformed into Ni,C after
its interaction with CO/H, at 240°C (Fig. 8).
We emphasize that in the case of the Ni/
NiO(I) system Ni,;C has not been obtained
under the same experimental conditions.

The observed direction of the topochemi-
cal reaction may be associated with the
structure similarity between the (111) most
developed face of the NiO(II) sample and
the (0001) plane of the hexagonal unit cell
of Ni;C (see Fig. 9). Although there is no
obvious evidence, the transformation of
NiO into the Ni,C may be realized via the
intermediate phase of Ni metal with hexago-
nal crystal lattice. It is known (/9) that lat-
tice parameters of Ni;C are similar to the
same characteristics of the hexagonal modi-
fication of Ni metal which might exist in the
epitaxial form on the (111) face of NiO.

In accordance with previous results (/0),
the formation of nickel carbide requires ac-
cumulation of a stoichiometric amount of
carbon at the subsurface layers of nickel
oxide. Indeed, in our experiments the pro-
longed induction period of the carbidization
reaction (ca. 40 min) as well as the increase
of the NiO lattice parameter were really ob-
served (Fig. 7). In comparison with the
NiO(I) sample, the temperature of NiO(II)
transformation under treatment by the CO/
H, reaction mixture is higher. This differ-
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F1G. 9. Structure similarity between the (111) plane

of NiO and the (0001) plane of Ni,C.
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ence should be derived (a) from the difficulty
of CO and H, molecule activation on the
(111) plane of NiO, and (b) from the low
concentration of the surface imperfections,
i.e., steps as in the case of NiO(l) particles.
As mentioned above, due to the structural
similarity between cubic unit cells of nickel
oxide and metal, a thin epitaxial metal layer
forms on the (100) face of the microcrystal
of the NiO(I) sample. Carbon could not re-
act with the (100) plane of NiO(I) and might
only destroy oxide microcrystals. We are
concerned with another situation in the case
of the NiO(Il) specimen. At first, carbon
easily reacts with the (111) face of the NiO
crystal which possesses structural similarity
to the (0001) plane of hexagonal Ni,C. Thus
forming platelets of Ni;C occupy the whole
surface of NiO microcrystal. On the next
reaction step, the Ni;C platelets loosen a
contact with “‘parent’” NiO particles, as evi-
dent from TEM data (Fig. 4b), a new fresh
surface of NiO becomes accessible for the
formation of another Ni,C platelet, and the
carbidization reaction renews.

SUMMARY

The structure peculiarities of parent oxide
microcrystals substantially affect the pro-
cess of formation of nickel-based catalysts
for methanation reaction upon reaction con-
ditions. The direction of the topochemical
reaction is highly sensitive to the structural
arrangement of the most developed faces of
the catalyst particles. In the course of our
investigations, it became clear that there are
two possible routes of interaction of nickel
oxide with the CO/H, reaction mixture,
namely, reduction of NiO to Ni metal and
NiO transformation into Ni,C. In the first
case, a Ni/NiO biphase catalyst which con-
sists of the stepped oxide microcrystals cov-
ered by thin epitaxial layers of Ni metal is
formed from parent oxide particles with the
(100) developed faces. Carbon monoxide
plays a significant role in the formation of
the unusual morphology of catalyst parti-
cles. In the second case, NiQ is transformed

directly into Ni,C because the (111) most
developed faces of the parent oxide have a
structural similarity to the (0001) plane of
the hexagonal nickel carbide phase. As a
result, a catalyst for methanation reaction
represents the Ni;C/NiO system.

Kinetics of the reduction and carbidiza-
tion processes are similar. But only complex
physical and chemical investigation has
been able to highlight the mechanism of
these topochemical reactions and to confirm
their structure sensitivity.
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