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A series of 6 wt% Ni/TiO, catalysts were prepared by pore
volume impregnation under various calcination conditions (225-
600°C, 1-16 h), and were characterized by XRD, XPS, TG-MS, and
chemisorption (H2 and O,). The results of XRD, XPS, and TG-MS
show the presence of incompletely decomposed nickel nitrates and
NiO for catalysts calcined at 225-250°C, and the presence of NiO
for catalysts calcined at 300-500°C. NiTiO3 becomes the dominant
nickel species in the catalyst calcined at 600°C. Reducibility of
nickel to nickel metal depends on the chemical states of nickel in
the calcined catalysts. For catalysts calcined below 600°C, where
NiO is the main nickel species, 100% reducibility can be obtained at
a reduction temperature of 400°C. However, for catalysts calcined
at 600°C, where NiTiOj3 is the dominant nickel species, complete re-
duction of nickel species can be achieved at 600°C. Lower turnover
frequencies (TOF(Hy)) for CO hydrogenation were observed for the
catalysts with unreduced nickel phase. When nickel is completely
reduced, TOF(H,) is independent of the chemical states of nickel in
the calcined catalysts or reduction temperature. The TOF(H,)’s are
an order of magnitude higher than that reported for unsupported
nickel indicating the promotion effect of titania on CO hydrogena-
tion even after high reduction temperature. However, an increase
in ethene formation rate, methane and C2-C4 percentages, and the
olefin to paraffin ratio (C2-C4) was observed, along with a signifi-
cant decrease in the H/O adsorption ratio as reduction temperature
was increased to 600°C for all catalysts. This suggests further inter-
action of TiOx moieties with nickel surface in addition to blocking.
(© 1998 Academic Press

INTRODUCTION

Titania-supported nickel catalysts were reported to be
more active in CO hydrogenation relative to silica- or
alumina-supported catalysts (1-2). In addition, enhanced
selectivity toward the higher molecular hydrocarbons
which are paraffinic were observed. This was generally
related to the strong metal-support interaction which
was used by Tauster et al. to explain the suppression of
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H, and CO adsorption for metals supported on titania
when reduced at 773 K instead of 473 K (3). However, the
advantages of titania relative to silica for CO hydrogena-
tion observed at a 723 K reduction were no longer exist
after reduction at 923 K (4). A decreasing trend of CO
hydrogenation activity for Ni/TiO; catalyst with increasing
reduction temperature were also reported (5). Therefore,
the promoting effect of titania may not require the reduc-
tion at high temperature, which bring the titania-supported
metal catalysts into the SMSI-state. On the other hand,
Burch et al. reported the enhanced C2+ selectivity with
increasing reduction temperature (4), while Turlier et al.
showed the invariant C2+ selectivity (5). Recently, the
dependence of C2+ formation on the nickel loading and
reduction temperature was reported for Ni/TiO, catalysts
(6). However, the relationship between adsorptive and
catalytic properties as a function of reduction temperature
has not been systematically examined.

A number of studies have indicated that the occurrence
of the SMSI state is dependent on the preparation method
(7, 8). de Bokx et al. found that a solid state reaction pro-
ceeds between NiO and TiO, during calcination at tem-
perature higher than 573 K, and the interdiffusion might
lead to the formation of NiTiO3 which displayed the char-
acteristics of the SMSI after reduction (9). Their observa-
tions suggest that the degree of NiO-TiO; interaction in a
Ni/TiO, catalyst may predetermine the extent of suppres-
sion of hydrogen chemisorption and the extent of reduction
of nickel phase. Hence, it is worthwhile investigating the re-
lationships among the extent of NiO-TiO; interaction, the
adsorptive properties and the catalytic activity and selec-
tivity.

In this study, we systematically investigated the depen-
dence of the adsorptive and catalytic properties of nickel
metal on the nickel precursor in the calcined Ni/TiO; cata-
lysts and on the reduction temperature (250-600°C). The
effect of calcination temperature on the nickel state and
their reduction behavior and the effect of reduction tem-
perature on the adsorptive and catalytic properties were
studied. The relationship between of adsorptive and cata-
lytic properties was examined.
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EXPERIMENTAL

Catalyst Preparation

The TiO; support (Degussa P-25, BET surface area
53 m?/g, pore volume 0.4 mL/g) was wetted with ethanol,
dried at 100°C for 16 h, and calcined at 400°C for 16 h and
500°C 1 hinair. All samples were prepared by pore volume
impregnation. The 6 wt% Ni/TiO, catalysts were prepared
by impregnation of the pretreated titania with nickel ni-
trate solution (Alfa). The impregnated powders were dried
at 100°C for 16 h and then calcined at various temperatures
(225-600°C) for 1 or 16 h in air. The catalysts were desig-
nated as X-Y, where X stands for calcination temperature
(°C), and Y for calcination time (h). For instance, 400-16
represents a 6 wt% Ni/TiO, catalyst calcined at 400°C for
16 h.

Samples were reduced under H, flow (50 mL/min,
99.9999% Scott) at various conditions: (1) 250°C for 8 h;
(2) 400°C for 8 h; (3) 500°C 1 h; (4) 600°C 1 h before chemi-
sorption and activity measurements. The heating rate is
10°C/min.

X-Ray Diffraction

X-ray powder diffraction patterns were obtained from
Shimadz XD-D1 diffractometer equipped with a high tem-
perature cell. Powdered sample were packed into a
2 x 0.5 x 0.5cm?®hollowed ceramic plate. The cell was evac-
uated and purged with H; flow (100 mL/min) for 2 h before
reduction treatment. After reduction treatment, the cell
was cooled to room temperature under H; flow for XRD
measurement. The ASTM powder diffraction file was used
to identify the phase presented. The crystallite sizes were
calculated from line broadening using the Scherrer equa-
tion (10). Instrumental broadening was corrected from a
reference NiO sample (Alfa) calcined at 800°C for 48 h.

X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectra were recorded using a VG
ESCA 210 electron spectrometer equipped with an Al an-
ode (1486.6 eV) operated at 12 kV and 18 mA. The catalysts
were run as powders dusted on sticky tape. The Ti2pz; line
(458.7 eV) was used as the binding energy reference for
the catalysts. The binding energies of standard compounds
were referenced to the C 1s line (284.6 eV).

Temperature-Programmed Reduction

Temperature programmed reduction was performed on
a Cahn TG-121 thermogravimetric analyzer and a VG Sen-
sorlab 300D mass spectrometer. In general, sample of 0.1 g
were used. Reduction was carried out under H; flow (50 mL/
min) with a heating rate of 10°C/min to 600°C.

Chemisorption

Hydrogen and oxygen chemisorption was performed in
a conventional volumetric system evacuated by mechanical
and turbo pumps. The base pressure of the system was ca
5 x 10~® Torr. A MKS-390 Baratron Pressure Transducer
was used for pressure measurements over a range of 0 to
300 Torr. Following reduction treatments, the sample was
evacuated for 30 min at reduction temperature and adsorp-
tion isotherm was taken at room temperature. Because of
the high heat of oxygen adsorption on nickel, small aliquots
of oxygen were admitted in a slow and stepwise manner
(11). The total gas uptake was determined by extrapolating
the straight-line portion of the adsorption isotherm to zero
pressure. For activated measurement, a second isotherm
was taken by raising the temperature to 200°C for 5 min,
and then cooled to room temperature for each point. The
percentage dispersion of nickel was calculated assuming the
Had)/Ni) =1 and Oag)/Nis =1 (11, 12). The percentage
of reduction of nickel phase to nickel metal was calculated
from the amount of oxygen consumed during reoxidation
of nickel metal to NiO at 400°C. The formation of NiO after
reoxidation of nickel metal was confirmed with XRD. Cor-
rections were made to both the oxygen chemisorption and
reoxidation based on the blank measurements on titania
support. The relative standard deviations of the measure-
ments for O, and H; chemisorption were generally below
10 and 15%, respectively.

CO Hydrogenation

Activity measurements were carried out in a flow mi-
croreactor consisting of Pyrex glass reactor (1/4 in), stain-
less steel feed lines, temperature programmer (Watlow),
and flow controller (Unit). Samples of 30 mg were reduced
atvarious temperatures (250-600°C). After reduction, sam-
ples were allowed to cool to and then maintained at reac-
tion temperature of 200°C. A premixed CO/H,/He (3/9/88,
99.999%, Air Products) feed gas was introduced at a flow
rate of 50 mL/min. The products were analyzed by gas chro-
matography using OV-101 and VVZ-10 columns. Under this
reaction condition, the conversions of CO to hydrocarbons
were below 2% for all activity measurements. The relative
standard deviations of activity measurements were gener-
ally below 10%.

RESULTS

X-Ray Diffraction

The X-ray diffraction patterns of 6 wt% Ni/TiO; calcined
at various temperature are shown in Fig. 1. In addition to
the diffraction peaks of anatase and rutile, diffraction peaks
characteristic of NiO appeared when sample was calcined
at 225°C. As the calcination temperature increased, the
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FIG. 1.

NiO (200) peak became broader and disappeared after the
sample was calcined at 600°C for 3 h. New diffraction peaks
characteristic of NiTiO3 emerged when the sample was cal-
cined at 600°C and became more intense and narrower as
the calcination time increased.

The amounts of NiO and NiTiO3 were estimated by com-
paring the NiO (200)/Rutile (111) or NiTiO3 (104)/Rutile
(110) intensity ratios with that of the physical mixtures of
NiO or NiTiOz and TiO, respectively. The results are given
in Table 1. The detected percentage of NiO by XRD in-
creases from 41 to 57% as the calcination temperature in-
creases from 225 to 300°C, then it decreases to 47% as the
temperature further increases to 500°C. For the sample cal-
cined at 600°C for 1 h, 62% of the Ni species is present as
NiTiO3. The percentage of NiTiO3 increases to 85% when
the sample was further calcined for 6 h at 600°C. The crys-
tallite size estimated from the full width at half maximum
of the NiO (200) and NiTiOg3 (024) is also given in Table 1.
The crystallite size of NiO remains relatively unchanged at
17-18 nm when calcined under 300°C, but it decreases to
10-12 nm as the temperature increases to 400 and 500°C.
On the other hand, the crystallite size of NiTiO3 increases
from 26 to 37 nm as the calcination time increases from 1
to 6 h at 600°C.

X-ray diffraction patterns of the calcined 6 wt% Ni/TiO; catalysts.

The crystallite size of nickel metal for some reduced sam-
ples based on the line width of Ni (111) peak are given in
Table 2. For 250-16, the Ni crystallite size increases from 7
to 10 nm as the reduction temperature increases from 250

TABLE 1

The Percentage and Crystallite Size of Ni Phases Estimated from
X-Ray Diffraction Patterns for 6 wt% Ni/TiO, Catalysts after Var-
ious Calcination Treatments

Percentage of Ni Crystallite size

phase® (nm)®
Catalyst? NiO NiTiO3 NiO NiTiO3
225-16 41 17
250-16 50 18
300-16 57 18
400-16 49 10
500-1 47 12
600-1 62 26
600-3 80 34
600-6 85 37

a Catalysts were named by the calcination temperature (°C) and dura-
tion (h).

b The relative standard deviations for the measurements of percentage
and crystallite size of nickel phases is less than 10 and 5%, respectively.
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TABLE 2

Particle Size of Nickel Metal Estimated from X-Ray Diffraction,
Hydrogen and Oxygen Chemisorption for 6 wt% Ni/TiO, Reduced
at Various Temperatures

Particle size of nickel metal (nm)

Catalyst/
technique 250°C 400°C 500°C 600°C
250-16
XRD? 7 8 10
o 5 8 14
H.° 25 50 250
400-16
XRD 8 9 11
(67} 6 6 11
H, 25 33 200

2 Crystallite size calculated from line broadening of Ni (111) line using
the Scherrer equation (10).

b Particle size of Ni estimated from oxygen and hydrogen chemisorp-
tion. Spherical particles were assumed, and the equation was ds (nm) =
101/9%D adopted from Ref. (12).

to 600°C. An increase of Ni crystallite size from 8 to 11 nm
as reduction temperature increases from 400 to 600°C was
also obtained for 400-16.

X-Ray Photoelectron Spectroscopy

The XPS Ni2pz/,; spectra for NiO and NiTiO3 standard
compounds and the representative 6 wt% Ni/TiO, catalysts
are shown in Fig. 2. The Ni2ps, binding energy and peak
width for standard compounds and the 6 wt% Ni/TiO, cata-
lysts are given in Table 3. The Ni2p3, spectra for NiO exhi-
bits a characteristic doublet structure (855.4 and 853.8 eV)
with a peak width (FWHM) of 4.7 eV and a satellite located
at860.7 eV (13). The higher binding energy peak of the NiO
doublet was attributed to Ni* species associated with the

TABLE 3

Binding Energy and Peak Width of Ni2ps», and AE between
Ni2p3, Main Peak and Shake-Up Satellite for 6 wt% Ni/TiO, Cal-
cined at Various Conditions

Sample Ni2ps;, B.E. (V) FWHM (eV) AE? (eV)
NiO 855.4, 853.8 4.7 5.3
NiTiO3 855.5 2.7 6.2
250-16 855.7 38 55
300-16 855.7 4.5 5.5
400-16 855.6 4.1 5.8
500-1 855.7 41 5.8
600-1 856.0 2.7 5.8
600-3 856.1 3.2 6.0
600-6 855.9 29 6.1

2 Energy difference between Ni2ps;, main peak and shake-up satellite.
For NiO, the higher binding energy peak of the doublet was referred. The
standard deviation for measurement of binding energy is +0.2 eV.
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FIG.2. X-ray photoelectron Ni2ps;, spectra for the representative
6 wt% Ni/TiO, catalysts.

nonstoichiometry of NiO sample (14, 15). Whereas that of
NiTiO3z shows a single line at 855.5 eV with a narrower
width of 2.7 eV and a satellite located ca 6.2 eV higher than
the main peak. For 250-16 and 300-16, the Ni2ps; exhibit a
main peak at 855.7 eV which is consistent with the reported
Ni2pss, binding energy for titania-supported nickel (16) and
is 1.9 eV higher than the main peak of NiO. In addition, a
shoulder at 853.8 eV is observed which is the position of the
main peak of NiO. This indicates the presence of discrete
NiQ, in addition to the finely dispersed nickel phase in these
samples. For 500-1 and 400-16 one broad peak is obtained
indicating that more than one nickel phase is present. For
600-1, 600-3, and 600-6, the Ni2ps/, spectra resemble that
of NiTiOs. In general, the Ni2ps/; binding energy varies in-
significantly with the increasing calcination temperature,
but a decrease in peak width and an increase in the bind-
ing energy difference (AE) between the main peak and
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the shake-up satellite are observed as the calcination tem-
perature increases. This indicates a change in the chemical
state of Ni from NiO to NiTiOg, in line with the results of
XRD.

Temperature-Programmed Reduction

The rate of weight loss of 6 wt% Ni/TiO, catalysts dur-
ing temperature-programmed reduction under H; flow is
shownin Fig. 3. In general, the temperature of the reduction
band increases as the calcination temperature increases. For
250-16 a broad multiplet band was observed at 260°C. The
weight loss band located at 206°C was accompanied with
the evolution of NO, CO, and CO,, in addition to H,O in
the gas stream. This indicates the incompleteness of decom-
position of nickel nitrates and the presence of adsorbed
organic species in 250-16. For 300-16 two reduction bands
located at 270 and 374°C were observed. For 400-16 and
500-1 a band located at 385-393°C with a shoulder at 270°C
was observed. The bands located at 270°C, which is compa-
rable to the reported reduction temperature (285-305°C)
for unsupported NiO (9, 17-20), therefore, is assigned to
bulk NiO without any interaction with the titania surface.
The higher temperature bands (374-393°C) are tentatively

assigned to the NIO with significant interaction with the
titania surface, or the NiO-TiO; interaction species. As
the calcination temperature increased to 600°C, a broader
band appeared, and the band temperature increased from
460 to 510°C with increasing the calcination time from 1
to 6 h. These bands are assigned to the bulk NiTiO3 (9,
20-22).

Chemisorption

The percentage of reduction of nickel phase to nickel
metal for the 6 wt% Ni/TiO; catalysts is given in Table 4.
As it can be seen, except the catalysts reduced at 250°C and
600-1, 600-3, and 600-6 reduced at temperatures <500°C,
nickel phase were quantitatively reduced to nickel metal.
These results are consistent with that of TPR.

The amount of H, and O, adsorption for the 6 wt% cata-
lysts reduced at various temperature (250-600°C) are given
in Table 5. The amount of H, adsorption (1.5-17.7 umol/
g-cat) are found to be all lower than the amount of O, ad-
sorption (28.8-87.9 umol/g-cat). The percentage dispersion
of nickel metal is calculated assuming H/Ni or O/Ni ration of
1 (11, 12). The variation of percentage dispersion obtained
from hydrogen chemisorption (%D(H,)) and oxygen

Rate of weight loss (Arbitrary unit)

Temperature (°C)

FIG. 3. Temperature-programmed reduction curves of the 6 wt% Ni/TiO; catalysts.
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TABLE 4

Percentage of Nickel Reduction to Nickel Metal Determined from
Reoxidation after Reduction at Various Temperatures

Percentage of nickel reduction (%)

Catalysts 250°C 400°C 500°C 600°C
250-16 79 97 (95)2 98 (95) 101 (94)
300-16 64 99 (96) 101 (98) 105 (99)
400-16 30 100 (97) 101 (98) 105 (99)
500-1 34 99 (96) 101 (98) 103 (97)
600-1 96 (93) 105 (98)
600-3 90 (87) 103 (97)
600-6 36 (33) 89 (86) 104 (97)

2Number in parentheses is the percentage of nickel reduction after
correction for the oxygen uptake of titania support during reoxidation at
400°C after reduction at various temperatures. The oxygen amounts are 0,
14.4, 15.6, and 33.7 umol/g-TiO; for reduction temperatures of 250, 400,
500, and 600°C, respectively. The relative standard deviation is below 10%.

chemisorption (%6D(0,)) as a function of the calcination
temperature for 6 wt% catalysts reduced at various tem-
peratures are shown Figs. 4 and 5, respectively. In general,
a decrease in %D(H2) and %D(0;) with increasing re-
duction temperature was observed for each catalyst. Un-
der same reduction temperature (<500°C), higher %D(H,)
and %D (0O,) were obtained for catalysts calcined at 400 or
500°C. However, %D(H;) and %D(0,) remained essen-
tially unchanged as functions of calcination temperature
when the catalysts were reduced at 600°C. The %D (H,)’s of
the catalysts are quite low and ranged from 0.4 t0 5.3%. The
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FIG. 4. Variation of percentage of D(H>) as a function of calcination
temperature for 6 wt% Ni/TiO, catalysts reduced at various temperatures.
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FIG.5. \Variation of percentage of D(O,) as a function of calcination
temperature for 6 wt% Ni/TiO, catalysts reduced at various temperatures.

amount of hydrogen adsorbed at room temperature (RT)
increased to ca 1.6 times for most catalysts when the adsorp-
tion temperature was raised to 200°C and then cooled to RT.
This may indicate that the hydrogen adsorption on Ni/TiO,
is an activated process, which has been reported (20). Even
it is so, the %D(H,) obtained from activated adsorption
is also much lower then the corresponding value obtained
from oxygen chemisorption. Besides, the activated process
may be due to the hydrogen spillover (23). Hence, the
%D(H;) obtained from H; adsorption at room tempera-
ture was adopted for the calculation of turnover frequency
for CO hydrogenation.

CO Hydrogenation

The activity of CO hydrogenation for 600-6 reduced at
various temperature as a function of time on stream is
shown Fig. 6. A steady state was reached after ca 5 h on
stream for all reduction temperature. However, unlike the
observed decay of activity (to ca 60% of initial activity) for
reduction temperatures <500°C, an induction period of ca
1 h was observed for 600-6 reduced at 600°C. This is typical
of all catalysts reduced at 600°C, indicating that this behav-
ior is dependent of the reduction temperature but not of
the precursor of nickel metal.

The activity and CO conversion of steady state for CO
hydrogenation for catalysts reduced at various temperature
are given in Table 6. The specific activity (umol/g-Ni/s) of
steady state versus the calcination temperature for various
reduction temperature is shown in Fig. 7. The specific activ-
ity was found to vary insignificantly with increasing the cal-
cination temperature for each reduction temperature with
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TABLE 5

The Amount (wmol/g-cat) of Hydrogen and Oxygen Adsorption and Percentage Dispersion of Nickel

for 6 wt% Ni/TiO, Catalysts Reduced at Various Temperatures

Amount of adsorption (xmol/g-cat)

Red. temp. 250-16 300-16 400-16 500-1 600-1 600-3 600-6
250°C
H, (RT) 13 10 7.7 8.1
(3.5%)* (3.4%) (5.3%) (5.1%)
H, (200°C) 49.7 40.3 19.4 17.6
0, (RT)® 81 57 36 41
(21.5%) (18.7%) (25.2%) (25.6%)
400°C
H, (RT) 16 13 18 17 41
(3.4%) (2.8%) (3.7%) (3.5%) (2.6%)
H, (200°C) 26.3 21.7 28.9 27.1 7.3
0, (RT) 104.5 71.0 87.9 101.2 18.2
(22%) (15%) (19%) (21%) (12%)
500°C
Hy (RT) 1 9.7 15 14 10 10 9.3
(2.3%) (2.1%) (3.1%) (2.9%) (2.4%) (2.4%) (2.3%)
H, (200°C) 19.3 16.3 234 224 17.1 16.6 15.8
0, (RT) 63 55 80 71 45 38 31
(13.2%) (11.5%) (16.9%) (14.8%) (10.1%) (9.2%) (7.5%)
600°C
H, (RT) 2.1 1.6 2.5 1.9 2.0 16 15
(0.4%) (0.3%) (0.5%) (0.4%) (0.4%) (0.3%) (0.3%)
H, (200°C) 3.7 34 4.2 3.2 3.1 2.7 2.3
0, (RT) 35 37 41 42 35 33 29
(7.4%) (7.8%) (8.6%) (8.7%) (7.4%) (7.0%) (6.1%)

@ Numbers in parentheses are the percentage dispersion of nickel metal. The adsorption stoichiometries, Hag)/Ni) =
1and O(,q))/Ni) =1, are assumed (11, 12). The relative standard deviations of measurements for O, and H, chemisorp-

tion are generally below 10 and 15%.

® Values corrected for the oxygen adsorption of titania. The amounts of oxygen adsorption for titania are 0, 8.3,
10.8, 18.8 umol/g-TiO, after reduction at 250, 400, 500, and 600°C, respectively.

some exceptions. Another feature in Fig. 7 is the specific
activity for the catalysts reduced at 600°C is significantly
lower than those for catalysts reduced below 600°C.

The turnover frequency (TOF) calculated based on the
nickel dispersion obtained from hydrogen chemisorption
versus the calcination temperature is shown in Fig. 8. Lower
activity was generally found for those catalysts with low
percentages of reduction, e.g., 400-16 and 500-16 reduced
at 250°C, and 600-1, 600-3, and 600-6 reduced below 600°C.
This suggests the detrimental effect of the unreduced nickel
phase. Considering only the catalysts with a quantitative
reduction of the nickel phase, the TOF(H>)’s for catalysts
reduced below and at 500°C remains essentially unchanged
and averages (9.4 4 0.9) x 1072 s~1, while the TOF(H,) av-
erages (11.2 +0.4) x 10~3s~*for catalysts reduced at 600°C,
which is ca 20% higher than that for catalysts reduced below
600°C.

The TOF(H,)’s for methane formation as a function of
calcination temperature at various reduction temperatures
are shown in Fig. 9. The TOF(H,) also varies insignifi-

cantly and averages (1.4 4 0.3) x 1073 s~ for catalysts re-
duced below and at 500°C. Higher TOF(H,)’s are obtained
for catalysts reduced at 600°C, and the average value in-
creases to (3.1+£0.6) x 10~% s7%, which is about twice that
for catalysts reduced below 600°C. The selectivities for the
catalysts reduced at 500 and 600°C are given in Tables 7
and 8. The selectivities of other reduction temperatures are
similar to that of 500°C, and therefore are omitted. The
percentages of C1, C2-C4, and C5+ formation are plot-
ted against the calcination temperature and are shown in
Fig. 10. It can be seen that both percentages of C1 and
C2-C4 fractions increase at the compensation of C5+ frac-
tion with increasing the reduction temperature from 500 to
600°C. Particularly, a decrease in higher hydrocarbon for-
mation is accompanied by favorable olefin formation. The
ethene/ethane ratio as a function of the calcination tem-
perature for catalysts reduced at various temperatures is
shown in Fig. 11. Significantly higher ratios are obtained
for catalysts reduced at 600°C (3.8+0.2) than that for
catalysts reduced below 600°C (0.3 +0.1). Similar results
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TABLE 6
Activity of CO Hydrogenation for 6 wt% Ni/TiO, Catalysts Reduced at Various Temperatures

Rate of CO hydrogenation (xmol/g-Ni/s)

Red. temp. 250-16 300-16 400-16 500-1 600-1 600-3 600-6
250°C 5.6 5.6 2.2 25
(1.3%)? (1.0%) (0.19%) (0.24%)
[9.3]° [9.6] [2.5] [2.9]
400°C 5.9 4.8 5.3 6.1 3.2
(1.6%) (1.3%) (1.5%) (1.7%) (0.86%)
[10.3] [10] [8.4] [9.9] [3.6]
500°C 3.8 3.7 3.8 4.4 33 2.5 2.3
(1.0%) (1.0%) (1.1%) (1.2%) (0.88%) (0.63%) (0.57%)
[9.7] [10.4] [7.3] [8.9] [8] [6.1] [5.8]
600°C 0.8 0.8 0.8 0.8 0.6 0.6 0.6
(0.22%) (0.23%) (0.20%) (0.22%) (0.20%) (0.17%) (0.17%)
[11.2] [11.9] [10.4] [11.9] [11.2] [10.9] [11.2]

2 percentage of CO converted to hydrocarbons.
b Turnover frequency (10-3s~%), TOF(H,), calculated by using nickel dispersion obtained from hydrogen chemisorp-
tion at room temperature.
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are obtained for the propene/propane ratio (3.4+40.8 for
catalysts reduced below 500°C, 14 + 1 for catalysts reduced
at 600°C) and the butene/butane ratio (3.6 £ 0.6 for cata-
lysts reduced below 500°C, 10.0 £ 0.9 for catalysts reduced
at 600°C).

DISCUSSION

Chemical State of Nickel

XRD indicates that ca 40% of Ni is present as NiO with
an average crystallite size of 17 nm for catalyst calcined
at 225°C. Both the amount and crystallite size of NiO in-
crease slightly with increasing the calcination temperature

TABLE 7
Selectivities for Catalysts Reduced at 500 and 600°C

%CH, %CoH, %C2-C4 %C5+

Catalysts 500°C? 600°C 500°C 600°C 500°C 600°C 500°C 600°C

225-16 16 29 2.2 22 32 67 52 4.7
250-16 17 26 2.6 19 33 60 51 14
300-16 15 26 2.2 19 31 63 54 11
400-16 13 26 14 22 30 69 57 5.8
500-1 13 25 14 21 29 65 57 11
600-1 20 33 1.9 25 39 58 41 8.5
600-3 13 30 19 21 26 65 61 5.0
600-6 8.8 26 15 17 19 51 72 23
Average® 15 28 2.0 21 30 62 55 10

@ Reduction temperature.
b Averaged percentage.

TABLE 8

Olefin/Paraffin Ratio of C2 to C4 Fraction for Catalysts Reduced
at Various Temperatures

Olefin to paraffin ratio

Red. temp. 250-16 300-16 400-16 500-1 600-6
250°C Red.
CyH4/CoHg 0.2 0.2 0.6 0.4
C3He/C3Hs 31 3.5 51 4.1
C4Hg/C4H1o 3.9 3.8 51 3.3
400°C Red.
CoH4/CoHg 0.2 0.3 0.3 0.3 1.2
C3He/C3Hg 2.0 3.0 3.0 2.8 5.6
C4Hg/CsH1o 31 3.2 3.0 31 4.1
500°C Red.
CyH4/CoHg 0.4 0.4 0.4 0.4 0.9
C3He/C3Hs 3.6 35 3.2 3.6 4.9
C4Hg/C4H1o 3.8 3.6 3.5 3.5 4.4
600°C Red.
CoH4/CoHg 3.8 3.5 4.0 3.9 3.7
C3He/C3Hg 13.7 13.4 14.9 15.0 12.4
C4Hs/CsH1o 10.4 9.7 10.7 10.7 8.6

to 300°C; then they decrease as the temperature is further
raised to 400 or 500°C. The effect is more dramatic for the
NiO crystallite size as the temperature is increased from
300 to 400°C. Both XRD and XPS show a major change
of Ni phase from mainly NiO to NiTiO3 when the calci-
nation temperature was increased from 500 to 600°C. Rao
et al. also reported NiTiO3; formation when calcined above
500°C (19), while de Bokx et al. reported a formation tem-
perature of 750°C (9). The variation of the nickel state is
also accompanied with a color change from gray (<300°C)
to light yellow (400 and 500°C), then bright yellow (600°C).
Based on the results of XRD and XPS, further information
about the Ni state can be revealed from TPR. For catalysts
calcined at 300°C, TPR indicates that ca two-thirds of the Ni
is present as discrete NiO (270°C band) and the rest, pos-
sibly, as NiO-TiO, interaction species (374°C band). The
percentage of discrete NiO further decreases to less than
10% for catalysts calcined at 400 or 500°C; the rest may be
present as NiO which is strongly interacted with the TiO;
surface, as inferred from the higher reduction temperature
(385-393°C bands). For catalysts calcined at 600°C, the
tailing toward low temperature side, indicating the exis-
tence of some NiO strongly interacted with TiO,, and the
amount decreases with increasing reduction time. In addi-
tion, the reduction temperature of NiTiOjz increases with
increasing calcination time. The observed increase in the
reduction temperature of the nickel phase with increasing
the calcination temperature or time indicates the tempera-
ture dependence of the interaction between NiO and TiO,.
This is attributed to the temperature dependence of the
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FIG. 10. Variation of percentage of hydrocarbon formation as a function of calcination temperature for 6 wt% Ni/TiO reduced at 500 and 600°C.

interdiffusion between NiO and TiO, (9). The observed
decrease in the NiO crystallite size as the calcination tem-
perature increase from 300 to 400 or 500°C may be due
to the wetting of NiO which resulted from the formation
of a NiTiOj3 interface between NiO and TiO,. However,
this NiO/NiTiO3/TiO, model cannot explain the increased
reduction temperature for NiO of ca 10-nm thick site on
NiTiOs. The formation of a surface NiTiOz around the NiO
particle may explain both the decreased NiO crystallite
and higher reduction temperature. At 600°C, this surface
NiTiO3/NiO species further grew into bulk NiTiO3 parti-
cles; meanwhile sintering of NiTiO3 might occur as well.

Effect of Reduction Temperature on the Dispersion
of Nickel Metal

A decrease in the amount of hydrogen and oxygen ad-
sorbed is accompanied by an increase in the nickel crys-
tallite size with an increasing reduction temperature. The
particle sizes of nickel estimated from hydrogen and oxygen
chemisorption for selected catalysts are given in Table 2. As
it can be seen that comparable values are obtained between
XRD and oxygen chemisorption. This is consistent with the
result reported by Smith et al. that oxygen chemisorption
can be used to estimate the nickel particle size for titania-
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supported nickel (11, 12). The significantly larger particle
sizes are obtained from hydrogen chemisorption, indicat-
ing a suppression of hydrogen adsorption which was well
documented for titania-supported metal (3). The fraction
of Ni surface capable of hydrogen adsorption can be repre-
sented by H/O adsorption ratio. The H/O ratio as a function
of calcination temperature for catalysts reduced at various
temperature is shown in Fig. 12. When reduction tempera-
ture is from 250 to 500°C, the H/O ratio is not dependent
on the reduction or calcination temperature and averages
0.18 +0.02. This value is comparable to the reported val-
ues (0.26-0.31) for 1.4-12.3% Ni/TiO; catalysts reduced at
500°C (20). This means that the adsorption properties of
nickel metal are independent on the precursor. The sup-
pression of hydrogen chemisorption on titania-supported
metal catalysts is generally accepted to be due to the cov-
ering of metal surface by partially reduced TiOx (X <2)
moieties through migration (24, 25), and the extent of sup-
pression is found to increase with increasing the reduction
temperature (26). It is unexpected that the extent of hydro-
gen suppression for all catalysts depends little on the reduc-
tion temperature ranged from 250 to 500°C. The migration
mechanism is unlikely applicable to catalysts reduced under
300°C. One possible explanation is the source of covering
for low temperature reduction may be related the presence
of surface NiTiO3z on NiO, as indicated by TPR. After re-
duction, the segregated TiOy from surface NiTiOz remained
on nickel metal surface causing the suppression of hydro-
gen adsorption. Significantly lower H/O ratios that average
0.05 + 0.01, which is independent on the kind of nickel pre-
cursor, are obtained for catalysts reduced at 600°C. A sim-

ilar behavior was reported by Hoang-Van et al. (11); H/O
ratios of 0.5 and 0.67 were obtained for 11.3 wt% Ni/TiO,
catalyst reduced at 300 and 500°C, respectively, but the H/O
ratio decreased to zero as the reduction temperature in-
creased to 700°C. This behavior suggests that additional
source of suppression of hydrogen adsorption other than
the covering by TiOx moieties exists for titania-supported
nickel catalysts reduced >600°C.

Effect of Unreduced Nickel Phase on the Activity
of Nickel Metal

The variation of TOF(H,) as a function of the percent-
age of nickel reduction for some selected catalysts is show
in Fig. 13. It is noted that a decrease in TOF(H,) with a de-
creasing percentage of nickel reduction was observed for
catalysts with higher calcination temperatures (>400°C),
while no significant effect of percentage of nickel reduc-
tion was observed for catalysts calcined under 300°C. This
may be rationalized by the intimate contact between the
unreduced nickel phase and nickel metal which is necessary
for the effect of an unreduced nickel phase to occur. Based
on the results of XRD, XPS, and TPR, a strong interaction
between NiO and TiO, occurred when catalysts were cal-
cined above 300°C. Therefore, a better contact between
the unreduced nickel phase (possibly surface NiTiO3 or
NiTiO3) and nickel metal is expected. The detrimental ef-
fect of unreduced metal phase on the activity of metal
for CO hydrogenation has been reported for cobalt (27—
29). However, the nature of this phenomenon is not clear.
The decrease in activity is not accompanied by a change
in selectivity, and these TOF(H;) are still higher than that
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(5x107*to 1 x 1073571, values extrapolated to 200°C) re-
ported for unsupported nickel (30), or silica- (31-33) or
alumina-supported nickel (34). Therefore, it is likely that
the unreduced nickel phase may hinder the promotion ef-
fect of titania, hence, the decrease in activity.

Effect of Reduction Temperature on the Activity
of Nickel Metal

In comparison with silica- or alumna-supported nickel
catalysts, titania-supported nickel catalysts reduced at
450°C were reported to be more active for CO hydrogena-
tion and to favor higher molecular hydrocarbons (paraf-
finic) formation (1). The higher activity of titania-supported
metal catalysts is generally related to the strong metal-
supportinteraction proposed by Tauster etal. (3). However,
the rate was found to decrease with increasing reduction
temperature up to 647°C and selectivity was unchanged for
titania-supported nickel catalysts contrary to the observed
trend of SMSI with increasing reduction temperature (5).
Nonetheless, an increase in the CO hydrogenation rate was
reported for the titania-added nickel-alumina catalysts re-
duced at 600°C (35), but methane was the dominate pro-
ductand no higher hydrocarbonswere found. In the present
study, the activities (umol/g-Ni/s) of CO hydrogenation and
methanation are also found to decrease with increasing the
reduction temperature for all Ni/TiO; catalysts, despite the

fact that each catalyst has various amounts of Ni precursors
as NiO, surface NiTiOsz, or NiTiOsz. This shows the detri-
mental effect of higher reduction temperatures, which is
in agreement with former studies (4-5) and that the for-
mation of NiTiOg3 is not a prerequisite for the occurrence
of SMSI, as suggested by de Bokx et al. (9). However, the
TOF(H;) was found to be dependent on neither the cal-
cination temperature nor the reduction temperature and
remained more or less invariant. This reveals the physical
blocking of the nickel metal surface by TiOx moieties. In
addition, the TOF(H,)’s obtained are comparable to those
(9-15 x 1073 s7%, values extrapolated to 200°C) reported
for titania-supported nickel catalysts (36, 37) and are an
order of magnitude higher than those reported for unsup-
ported nickel and silica- or alumina-supported nickel (30-
34). This indicates the presence of the promotion effect
of titania on CO hydrogenation after high-temperature re-
duction. Despite the decrease in the overall rate per gram
of nickel, an increase in the rate of ethene per gram of
nickel was observed for all catalysts when the reduction
temperature is increased to 600°C as shown in Fig. 14. The
change in catalytic property for Ni/TiO, catalysts as the
reduction temperature increases from 500 to 600°C is fur-
ther evidenced by an increase in the methane selectivity,
the ethene fraction, the C2 to C4 fraction, and the olefin to
paraffin ratio of the C2-C4 fraction. The increased metha-
nation rate may be attributed to the more competitive
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hydrogen chemisorption (38) or the increase in the H-
adatom concentration (39). The increased ethene forma-
tion rate and olefin fraction observed in the present study
may also be related to the more competitive hydrogen ad-
sorption on nickel under the influence of TiOx which forbids
the readsorption of olefins for secondary hydrogenation.
The dramatic decrease in C5+ fraction indicates a decrease
in the chain growth, possibly due to the limited number of
carbon species for chain growth on a small area of active
nickel surface confined by the covered TiOy moieties. The
modification in catalytic properties accompanies the addi-
tional decrease in the fraction of nickel metal capable of hy-
drogen adsorption. This may be related to the short-ranged
electronic effect of the heavily decorated TiOx with x ~ 1
(40, 41).

CONCLUSIONS

The population of nickel species in 6 wt% Ni/TiO; cata-
lysts was found to depend on the calcination temperature.
For catalysts calcined under 300°C, discrete NiO is the main
species. The main nickel species became NiO covered with
the surface NiTiO3 compound as the calcination temper-
ature was increased to 400 or 500°C, and finally, discrete
NiTiO3 at 600°C. In turn, a dependence of reducibility on
the nickel species was observed. For catalysts calcined be-

low 600°C, where NiO is the main nickel species, 100%
reducibility can be obtained at a reduction temperature
of 400°C. However, for catalysts calcined at 600°C, where
NiTiOs is the dominant nickel species, complete reduction
of the nickel species can be achieved at 600°C.

The particle size of Ni estimated from X-ray diffrac-
tion and oxygen chemisorption agree, more or less, with
each other, while that from hydrogen chemisorption were
too large. This is attributed to the suppression of hydro-
gen chemisorption by the covering of TiO, moieties on the
nickel metal surface. The fraction of nickel surface capa-
ble of hydrogen adsorption was estimated from the H/O
adsorption ratio. The H/O ratio remains unchanged for all
catalysts below 500°C (0.18 £ 0.02), but decreases to one-
third for catalysts reduced at 600°C (0.05 £ 0.01), indicating
further covering of the nickel surface by TiOx moieties.

Lower turnover frequencies (TOF(H;)) for CO hydro-
genation were obtained for the catalysts with unreduced
nickel phase. When nickel is completely reduced, TOF is
not dependent of the chemical states of nickel in the cal-
cined catalysts. The invariant TOF(H,) for catalysts indi-
cates that the decrease in the activity based on per-gram Ni
with increasing reduction temperature is due to the increase
in the extent of physical blocking of nickel metal surface by
TiOx moieties. Furthermore, the TOF(Hy)’s are an order
of magnitude higher than that reported for unsupported
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nickel, or silica- or alumina-supported nickel catalyst, indi-
cating the promotion effect of titania on CO hydrogenation
even after high reduction temperature. However, the selec-
tivity was modified when the reduction temperature was
raised to 600°C: (1) enhanced rate for ethene formation
(from 0.07 +0.02 to 0.15 + 0.02 umol/g Ni/s), (2) enhanced
methane (from 15 to 28%), C2-C4 (from 30 to 62%), and
olefins (C2-C4, from 21 to 56%0) formation at the compen-
sation of C5+ fraction (from 55 to 10%). These variations
inversely correlate with the extent of hydrogen suppression,
suggesting the additional interaction of the decorated TiOy
moieties with nickel surface after reduction at 600°C.
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