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In Situ X-Ray Diffraction Studies over Nickel Particles Supported on 
Titania, Niobia, and Alumina on CO Hydrogenation Reactions 

INTKODUCTION 

The supported nickel catalysts have re- 
ceived considerable attention, both indus- 
trially and for the correlation of physical 
and chemical properties with performance 
(e.g. (1-7)). Perhaps the attractive fact is 
that nickel particles are more active when 
supported on titania and niobia than on alu- 
mina and silica over methanation and Fi- 
scher-Tropsch synthesis. In addition, tita- 
nia and niobia supported nickel catalysts 
show greater selectivities for the produc- 
tion of high hydrocarbons (I, 2, 5-7). 
Therefore previous research works were 
focused on exploration of the nature of in- 
teractions between nickel and different sup- 
ports (1, 2, 5-7). Besides, several research 
groups have utilized in situ magnetic tech- 
niques for characterization of supported 
catalysts (3, S-10). Richardson and Desai 
(10) have used ultrahigh magnetic field 
measurements on 40% Ni/AhO+ They 
have pointed out that about 50% available 
nickel particles had been reduced in H2 
treatment (e.g., 36 hr at 35O”C), even 
though, after 72 hr treatment, no further 
nickel reduction had occurred. However, 
the information of partially reduced nickel 
oxides studied by in situ X-ray diffraction is 
not well known on supported nickel cata- 
lysts. 

Butt et al. (12) have directly examined 
the formation of palladium hydride by in 
situ X-ray diffraction over Pd/A&Oj and 
Pd/SiOz. In some cases an observed de- 
crease in activity could be due to palladium 
hydride formation, especially for hydrogen- 
olysis reactions (12). Now it is imperative 
to explore whether the analogous situation 
will occur on supported nickel catalysts. 

The present study has been undertaken 
in an attempt to examine the presence of 
the different kinds of intermediate phases 
after H2 reduction and CO/H2 reaction over 
nickel supported titania, niobia, alumina, 
and ground glass, and to explore the condi- 
tions for its formation and disappearance. 
An in situ X-ray diffraction technique has 
been employed for this purpose. Mean- 
while the determination of nickel particle 
sizes after reduction and CO/H2 reaction 
has been made by using Fourier analysis of 
a single X-ray diffraction profile. A compar- 
ison of the nickel particle sizes determined 
by one peak analysis and high resolution 
transmission electron microscopy has been 
given. 

EXPERIMENTAL 

Materials and Catalyst Preparation 
All catalysts used in this study were pre- 

pared by the method of incipient wetness 
impregnation using Ni(N03) * 6H20 as the 
metal salt. In this method, TiOz, NbTOs, 
A1203, and ground glass were impregnated 
with the appropriate concentration of 
nickel nitrate aqueous solution in a ratio of 
0.25 ml/g TiOz, 0.4 ml/g NbZ05, 0.5 ml/g 
A1203, and 0.3 ml/g glass. Following im- 
pregnation, all samples were dried over- 
night in air at ca. 380 K. 

The Ti02 support used in this study was 
obtained from Degussa (P-25), and it was 
cleaned prior to sample preparation in the 
manner described by Munuera et al. (13) 
and Santos et al. (14). The powder of 
ground glass was made of Pyrex-type glass 
material from Shanghai. Two other sup- 
ports used here were spectroscopically 
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pure niobia and SO/100 mesh y-A&O3 (Davi- 
son, SMR-7). 

Hydrogen (99.9%) was purified by pas- 
sage through a Deoxo unit followed by acti- 
vated 5A and 13X molecular sieve traps 
at room temperature. Carbon monoxide 
(99.5%) was passed through two copper 
turnings at ca. 600 K followed by activated 
molecular sieves (5A and 13X) at room tem- 
perature. 

In Situ X-Ray Diffraction Measurements 

A specially constructed reaction cell as 
shown in Fig. 1 was designed for in situ X- 
ray diffraction studies. The cell was com- 
posed of two sections: one was a tubular 
section made of Pyrex tubing (35 mm in di- 
ameter); the other was an X-ray diffraction 
measurement section composed of a beryl- 
lium front window (0.2 mm thickness, 28 x 
26 mm2 wide) sealed with a “Torr seal” to 
the stainless-steel shell (45 X 35 X 1.5 mm3) 
which was attached to the tubular section 
with a “Torr seal.” Then, the two sections 
were linked by a pair of rods (stainless 
steel). The sample (ca. 0.25 mg) was 
pressed into pellet form under pressure of 
about 200 kPa. A pellet of catalyst was 
mounted on a movable sample holder 
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FIG. 1. Schematic diagram of a specially constructed 
cell. (A) Beryllium window, (B) movable sample 
holder, (C) sample. 

which could slide from one section to an- 
other for reaction or X-ray diffraction mea- 
surements. 

The hydrogen reduction and CO/H2 reac- 
tion were carried out at atmospheric pres- 
sure. The catalyst pellet was treated in the 
tubular section as a fluidized bed. After 
reduction or reaction the sample was 
cooled to room temperature under flow- 
ing HZ. Then closing the two check-valves 
on the cell, the sample holder was slid to 
another section, ready for X-ray diffraction 
measurements. The X-ray diffraction stud- 
ies on the catalyst after reduction and/or 
CO/Hz reaction were performed with Ni- 
filtered Ct.&a! radiation from a 12-kW Ri- 
gaku rotating anode X-ray source operated 
at 45 kV and 50 mA. The different scan 
speeds were chosen: 2”/min (or 4”/min) for 
recording diffraction patterns from 20”(20) 
to 95”(28); however, 0.25”/min for slow scan 
of Ni(200) and Ni(220) peak profiles in or- 
der to determine the particle sizes by single 
peak analysis method. After exposing the 
sample to air, of course, the measurements 
were done in air. The nickel powder sample 
with large particle size was employed as 
“standard” for calibration in calculation of 
nickel particle sizes of catalyst samples by 
one peak analysis method. 

Particle Size Measurements 

Usually the broadening of the X-ray dif- 
fraction profile was mainly due to the fol- 
lowing three factors: particle size, instru- 
mental, and microstrain. In order to obtain 
the pure diffraction profile broadening at- 
tributed to particle size only, it is required 
to separate the diffracted profile shape 
broadening due to both instrumental and 
microstrain factors. The method of 
Stokes (15) was the best approach for the 
correction of instrumental factor. Accord- 
ing to the Stokes method, however, the 
corrected cosine coefficient from a (hkl) dif- 
fraction profile is really the product of two 
terms (16, 17): one involving the crystallite 
size and the other the microstrains. There- 
fore it is necessary to separate the micro- 
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strain from cosine coefficient in order to de- 
termine the crystallite sizes. In the present 
study a single analysis method had been 
employed for separation of the effects of 
the particle size and microstrains (18, 19). 

Transmission electron microscopy stud- 
ies of these catalysts after CO/H2 reactions 
and exposure to air were performed using a 
JEOL 200CX microscope. The microscope 
was operated at 200 kV with a 30-pm objec- 
tive aperture inserted for contrast. Magnifi- 
cations were calibrated using carbon replica 
gratings. The samples were prepared for 
microscopic analysis by adding the pow- 
dered sample to methanol, grinding the sus- 
pension in a mortar and pestle, and dispers- 
ing the sample in the methanol using an 
ultrasonic cleaner. A drop of this suspen- 
sion was then placed onto a Formvar film 
supported on a copper grid. As a compari- 
son, the blank Ti02, Nb205, and AllO3 
were also studied by TEM under the same 
operating conditions. 

FIG. 2. X-Ray diffraction patterns over 13% Ni/ 
TiOr. (A) Before reduction; (B) after reduction (H,, 
700 K, 2.5 hr), then cooling to room temperature in H,; 
(C) after CO/H2 reaction (HJCO = 4, 500-560 K, 4 
hr), then cooling to room temperature in Hr; (D) after 
exposing the sample to air for 8 min. 
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FIG. 3. X-Ray diffraction patterns over 12.5% Ni/ 
Nb20s. (A) Before reduction; (B) after reduction (Hz, 
700 K, 2.5 hr), then cooling to room temperature in Hz; 
(C) after CO/H2 reaction (Hz/CO = 4, 500-560 K, 4 
hr), then cooling to room temperature in HZ; (D) expo- 
sure to air for ca. 2 hr. 

In addition, product analysis for CO/H2 
(4) reactions over these catalysts were per- 
formed on a Shimadzu GC-7A chromato- 
graph equipped with a Chromsorb 102 
column (2 m long). Both flame ionization 
detector (FID) and thermal conductivity 
detector (TCD) were used for analysis. The 
helium carrier gas was purified by passage 
through an activated 13X molecular sieve 
trap at room temperature. The peak areas 
of the chromatogram were calculated by a 
Shimadzu C-RlB recording data processor. 

RESULTS AND DISCUSSIONS 

In Situ X-Ray Diffraction Measurements 

The diffraction patterns on 13% Ni/TiO* , 
12.5% Ni/NbzOs, and 9% Ni/A1203 are pre- 
sented in Figs. 2,3, and 4, respectively. Fig- 
ures 2A, 3A, and 4A show the diffraction 
profiles on these samples before reduction. 
The titania support contains two crystalline 
phases: anatase and rutile. The niobia sup- 
port shows single crystalline phase. The 
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preciably with diffraction peaks of other 
crystalline phases. The diffraction patterns 
obtained after hydrogen reduction at 700 K 
for 2.5 hr on these samples are shown in 
Figs. 2B, 3B, and 4B. The observation of a 
new phase is the key result in the present 
study. The formation of the intermediate 
phase occurred just after hydrogen reduc- 
tion. Meanwhile the support phases ap- 
peared with obviously lowering the intensi- 
ties of their diffraction peaks. Following re- 
duction the CO/Hz (a) reaction was carried 
out in the special reactor at atmospheric 
pressure. The reaction conditions and prod- 
uct distribution over these three catalysts 
are summarized in Table 1. Therein the CO 
conversion was approximately 30% or less 
in this special X-ray diffraction cell. The 
catalytic activities for methane production 
in Ni/TiOz and Ni/NbzOj are greater than 
that on Ni/A120J by about a factor of 2. The 
selectivity of high hydrocarbons of nickel 
on titania and niobia supports is higher than 
that on alumina support as shown in Table 
1. These results are consistent with pre- 
vious reports (I, 2, 7). Figures 2C, 3C, and 
4C show the diffraction patterns collected 
after CO/H2 (a) reactions followed by cool- 
ing to room temperature under hydrogen. It 
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FIG. 4. X-Ray diffraction patterns over 9% Ni/ 
A&O,. (A) Blank alumina; (B) after reduction (Hz, 700 
K, 2.5 hr), then cooling to room temperature in Hz; (C) 
after CO/Hz reaction (Hz/CO = 4, 500-600 K, 4 hr), 
then cooling to room temperature in H,; (D) exposure 
to air for ca. 2 hr. 

alumina, however, shows mainly the amor- 
phous phase which will be very useful in 
this study, because it does not interfere ap- 

TABLE 1 

The Pretreatment Conditions Used for in Situ X-Ray Diffraction Measurements and Product Distributions 
over CO Hydrogenation on Nickel Supported Catalysts 

Catalyst Reduction 
conditions 

Reaction 
conditions 

rCH.,a 

(~mol/min 

g Nil 

Product distribution (mole %)b 

Cl c2 C3 C4 CS C6 

Hz (200 mYmin) Hz/CO = 4 
13% NVTiOl 500-560 K 280 54.6 12.8 11.1 6.8 8.9 5.8 

700 K, 2.5 hr 4 hr 

H2 (200 mumin) Hz/CO = 4 
12.5% Ni/NbzOS 500-560 K 300 68.1 11.4 10.2 6.0 4.3 - 

700 K, 2.5 hr 4 hr 

H2 (200 ml/min) Hz/CO = 4 
9% NiIA1203 500-600 K 145 99.82 0.17 0.01 - - - 

700 K, 2.5 hr 4 hr 

0 Reaction temperature: 503 K. 
b Reaction temperature: 503 K for 13% Ni/TiO* and 12.5% Ni/NblOS and 600 K for 9% Ni/A1203. 
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can be seen there that the diffraction inten- 
sities of the intermediate phase did not ob- 
viously change after CO hydrogenation re- 
action at 500-600 K for 4 hr. In Fig. 4C the 
diffraction profile of the intermediate phase 
can be observed more clearly because of 
almost no interference between the new 
phase and the original amorphous support 
phase. In order to detect the stability of the 
so-called intermediate phase formed during 
hydrogen reduction, the sample 13% Ni/ 
TiOz was exposed to air for several minutes 
(ca. 8 min), then the diffraction pattern was 
registered at a scan speed of Lt”/min as 
shown in Fig. 2D, wherein it is interesting 
to note that the intermediate phase disap- 
peared immediately, indicating that it is 
very unstable in air. However, the titania 
support (involving both anatase and rutile) 
recovered the intensities of diffraction 
peaks as original when the intermediate 
phase disappeared. Analogously Figs. 3D 
and 4D show the diffraction profiles ob- 
tained after exposure to air over 12.5% Ni/ 
Nb205 and 9% Ni/A&Oj, respectively. The 
same conclusions can be drawn that the 
condition of the disappearance of so-called 
intermediate phase formed in hydrogen re- 
duction is in contact with air and the dif- 
fraction intensities of the crystalline phase 
of supports recovered dramatically when 
the intermediate phase did not occur. 

titania, niobia, and alumina, in situ X-ray 
diffraction patterns obtained after hydrogen 
reduction at 770 K for 1 S-3 hr followed by 
cooling to room temperature in hydrogen 
over -10% Ni/ground glass are presented 
in Fig. 5. Figures 5A and B show the X-ray 
diffraction patterns of two fresh samples 
with different time periods of hydrogen 
treatment (i.e., 1.5 or 3 hr), wherein no in- 
termediate phase was observed with the ex- 
ception of three strong diffraction peaks of 
reduced metallic nickel (Ni( 11 l), Ni(200), 
and Ni(220)). 

As shown in Figs. 2B, 3B, 4B, 2C, 3C, 
and 4C the most striking observation of this 
study is that the presence of so-called inter- 
mediate phase (or phases) formed after hy- 
drogen reduction and CO/H2 (t) reactions. 
This is probably due to the phase (or phases) 
of partially reduced nickel oxide (or ox- 
ides). This finding is essentially consistent 
with previous reports by in situ magnetic 
susceptibility (8-10). Could it be a nickel 
hydride as in the case of palladium hydride 
formed after hydrogen treatment over Pd/ 
SiOz (12)? For supported nickel catalysts 
we do not think this is the case. Of course, 
further studies are needed. Furthermore, 
supported nickel catalysts are also different 

TABLE 2 

Here it is necessary to address the dif- 
fraction patterns of 9% Ni/AlzOj (i.e., Fig. 
4) because the blank support presents as an 
amorphous phase as shown in Fig. 4A. The 
so-called intermediate phase (including 
nickel suboxide phase) will be seen clearly 
in Figs. 4B and C, especially in Fig 4C (af- 
ter CO/H2 (4) reaction). With the excep- 
tion of three peaks of bulk metallic nickel 
(i.e., 44.6(28){ 11 I}, 51.8(28{200}, and 
76.4(28){220}), the d spacing values and rel- 
ative intensities of the rest of the diffraction 
peaks attributed to the intermediate phase 
(or phases) are listed in Table 2. It will be 
necessary to determine the structure of the 
new phase in further studies. 

d Spacing Values and Relative 
Intensities of the Intermediate 

Phase(s) 

Line No. 20 (“)” d (A) Ill, 

1 22.7 3.914 6 
2 26.7 3.336 7 
3 37.1 2.421 10 
4 39.8 2.263 8 
5 42.5 2.21s 25 
6 46.9 1.936 14 
7 52.2 1.751 100 
8 53.9 1.694 25 
9 72.0 1.310 20 

10 78.3 1.220 7 
11 82.1 1.173 6 
12 87.5 1.132 8 
13 90.9 1.081 7 

For comparison with nickel supported on a Nickel-filtered CuKa radiation. 
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FIG. 5. X-Ray diffraction patterns over -10% Niiground glass. (A) After reduction (HZ, 700 K, 1.5 
hr), then cooling to room temperature in Hr; (B) after reduction (H,, 700 K, 3 hr), then cooling to room 
temperature in HZ. 

from the cases of production of the nickel 
hydrides from nickel saturation with hydro- 
gen atmosphere or from cathodic charging 
or deposition as reported by Janko et al. 
(20, 23). 

The other interesting result is that with 
the presence of partially reduced nickel ox- 
ide (or oxides) the diffraction intensities of 
crystalline phases of the supports were ob- 
viously depressed, whereas with the disap- 
pearance of so-called intermediate phases 
their diffraction intensities recovered dra- 
matically. The question is what causes this 

apparent suppression of diffraction intensi- 
ties of the supports’ phases. It may be at- 
tributed to the formation of partially re- 
duced nickel oxide (or oxides) as 
“interstitial” phase which, therefore, will 
affect the original crystalline phases of sup- 
ports. Besides, from the results obtained on 
the sample of - 10% Ni/ground glass, there 
is no observation of the phase of partially 
reduced nickel oxide. Presumably the pres- 
ence of the phase (or phases) of partially 
reduced nickel oxide (or oxides) implies the 
interaction manner between nickel particles 

TABLE 3 

Crystallite Sizes on Titania, Niobia, and Alumina Supported Nickel Catalysts 

Sample: 13% Ni/TiOr 12.5% Nt/NbzOS 9% Ni/A1203 

Crystallite 
size (nm) 

DO”WdCa 

Ni Ni 
Gw (220) 

DTEM~ Done-peak 

Ni Ni 
(200) (220) 

&EM Done-peak 

Ni 
(220) 

DTEM 

After reductionc - 13 - - 14 - 8 9 - 
After CO hydro- - - - - 15 - - 9 - 

genationd 
Exposure to air 13 12 12 - 15 15 8 9.5 8 

n Effective particle size from profile analysis. 
b Average particle size from transmission electron microscopy (TEM). 
c Reduction conditions: H2 (200 mhmin), 700 K, 2.5 hr. 
d Reaction conditions: HI/CO = 4, 3 hr, 500 K for 13% NiiT’iOr and 12.5% Ni/Nb20S and 600 K for 9% Nil 

AI*O,. 
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and supports. It seems that there is no in- 
teraction between nickel particles and 
ground glass; thus the partially reduced 
nickel oxide (or oxides) was not observed 
on the sample of - 10% Ni/ground glass, as 
shown in Fig. 5. We speculate that this in- 
teraction manner may modify the catalytic 
properties of nickel supported on titania, 
niobia, and alumina. However, the differ- 
ence in catalytic activity and selectivity on 
CO hydrogenation over these three cata- 
lysts may be related to the reducibility of 
different supports as suggested by previous 
publications (7, 24, 25). 

Particle Size Measurements 

According to the method of a single dif- 
fraction peak Fourier analysis, the calcu- 
lated nickel particle sizes (Ni(200) and 
Ni(220)) are given in Table 3 after H2 reduc- 
tion, CO/H2 ($) reaction, and exposure to 
air. From the results on 12.5% Ni/Nb205 
and 9% Ni/A1203 it can be seen that almost 
no particle size growth occurred after CO/ 
Hz reactions under the conditions of the 
present studies (Table 1). 

Figures 6A and B are representative 
transmission electron micrographs of blank 
niobia and reduced 12.5% Ni/Nb*Os after 
CO hydrogenation. It can be seen in Fig. 6B 
that a number of small particles were pre- 
sented in the micrograph which did not ap- 

pear in the corresponding blank niobia (Fig. 
6A). Analogously, the similar situation can 
be observed in the cases of Ni/TiOz and Nil 
A&O3 samples. Figure 7 presents particle 
size distributions of nickel crystallites on 
13% Ni/TiO:!, 12.5% Ni/NbzOs , and 9% Ni/ 
A&O3 after CO/Hz (f) reactions and expo- 
sure to air from transmission electron mi- 
crographs. An area-average particle size 
(&EM) was estimated from the sizes, di, of 
more than 100 particles using the following 
relation (26): 

D TEM = c d:,/x df. 
I I 

The results determined in this manner are 
listed in Table 3, wherein one can see that 
the values of DTEM agree well with the 
results of the nickel particle sizes comput- 
erized by using Fourier analysis of a single 
X-ray diffraction profile. 

CONCLUSIONS 

(1) An in situ X-ray examination over 
four different supported nickel catalysts 
has been demonstrated. 

(2) The intermediate phase (or phases) 
forms when the catalysts of nickel sup- 
ported on titania, niobia, and alumina are 
cooled after reduction and/or CO/H2 (a) re- 
action in hydrogen. There is no observation 

FIG. 6. Transmission electron micrograph. (A) Blank niobia; (B) reduced 12.5% Ni/Nb205 after CO 
hydrogenation followed by exposure of the sample to air. 
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PARTICLE DIAMETER (nm) 

FIG. 7. Particle size distributions of nickel crystal- 
lites on (A) 13% Ni/TiOz, (B) 12.5% Ni/Nb20s, and (C) 
9% Ni/A1203 after CO/H2 (4) reactions and exposure to 
air from transmission electron micrographs. 

of this phase (or phases) on nickel sup- 
ported on ground glass. The formation may 
be related to the interaction behavior be- 
tween nickel particles and the supports. 

(3) The intermediate phase (or phases) 
which may be composed of partially re- 
duced nickel oxide (or oxides) is destroyed 
in contact with air. 

(4) The presence of the intermediate 
phase exhibits apparent suppression of 
the diffraction intensities of the support 
phases, while with the disappearance of 
this phase the supports show original dif- 
fraction intensities. 

(5) As Fourier analysis results of a single 
X-ray diffraction profile show, no obvious 
particle size growth occurs after CO/Hz ($) 
reactions over these catalysts. 
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