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A series of titania supported cobalt catalysts (0.5-6%) were prepared by incipient wetness 
impregnation, and were characterized by ESCA, XRD, and hydrogen chemisorption. After calcina- 
tion at 400°C, a surface CoTiO3-1ike phase was the main species present in the 0.5 and 1% cobalt 
catalysts. For higher cobalt loadings, discrete Co304 particles were formed in addition to surface 
CoTiO3. ESCA indicates that after reduction the cobalt metal particle size (6-13 nm) increases with 
increasing cobalt loading, but does not vary with reduction temperature (400-500°C). Hydrogen 
chemisorption was found to be activated and suppressed. The extent of hydrogen chemisorption 
suppression increases with increasing reduction temperature and decreasing cobalt particle size. 
The turnover frequency (based on cobalt dispersion derived from ESCA) for benzene and CO 
hydrogenation decreases with increasing reduction temperature and decreasing cobalt particle size. 
The decline in activity correlates with the extent of suppression of H2 chemisorption. The results 
were interpreted in terms of a decrease in the fraction of exposed surface cobalt due to site blocking 
by reduced TiO~ moieties. © 1992 Academic Press, Inc. 

INTRODUCTION 

It is well known that the support plays a 
fundamental role in determining the struc- 
ture and activity of supported metal cata- 
lysts. In the past decade considerable atten- 
tion has been given to the use of TiO2 as a 
support, due mainly to the fact that TiO2 
exhibits the so-called Strong Metal-Sup- 
port Interaction (SMSI) effect (1). This 
phenomenon is characterized by suppres- 
sion of the capacity of the metal to chemi- 
sorb hydrogen after high-temperature re- 
duction. To date, most SMSI related work 
has focused on titania supported Pt, Rh, 
and Ni (2-4) catalysts. Only a limited num- 
ber of studies have dealt with cobalt-based 
systems (3, 5-8). Reuel and Bartholomew 
(8) have examined the effects of support 
and dispersion on the CO hydrogenation 
activity and selectivity of cobalt. However, 
only three Co/TiO2 catalysts were exam- 
ined. Also, the catalysts were partially re- 
duced, a factor which may preclude an un- 
equivocal interpretation of the effect of the 
support (9). 
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In the present work, ESCA, XRD, and 
H2 chemisorption were employed to char- 
acterize the state and dispersion of cobalt in 
a series of Co/TiO2 catalysts. The catalyst 
surface structure derived from this study is 
correlated with benzene and CO hydroge- 
nation activities. 

EXPERIMENTAL 

Catalyst Preparation 
The TiO2 support (Degussa P-25, BET 

surface area 50 m2/g, pore volume 0.4 cmV 
g) was wetted with distilled water, dried at 
100°C for 16 h, and calcined at 400°C for 16 
h before use. The catalysts were prepared 
by incipient wetness impregnation of the 
TiO2 support with cobalt (II) nitrate 
(Fisher) solutions. The nominal cobalt con- 
tent was varied from 0.5 to 6 wt% of the 
TiO2 support. The impregnated powders 
were dried at 100°C for 16 h and calcined 
for 16 h at 400°C. The catalysts are desig- 
nated as CoaTi, where x stands for the co- 
balt loading. The BET surface area re- 
mained essentially constant at 47 -+ 2 m2/g 
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catalyst for the calcined Co/TiO2 catalysts. 
"Calcined" catalysts will also be referred 
to as "Oxidic" catalysts. 

Reduction of  Catalysts 

Catalysts were reduced under hydrogen 
flow (50 cm3/min, 99.999%) using two sets 
of conditions: 400°C for 12 h and 500°C for 
lh. The lengthy treatment at 400°C was 
adopted to ensure complete reduction of 
the cobalt phase. 

X-ray Diffraction (XRD) 

X-ray powder diffraction patterns were 
obtained using a Diano XRD-6 diffractome- 
ter employing Ni-filtered CuKa radiation 
(1.5405 ,~). The X-ray tube was operated at 
50 kV and 25 mA, and was scanned at 0.4 
degree/min. The powdered catalysts were 
packed into a 2 x 2 x 0.2 cm 3 hollowed-out 
plastic slide. The ASTM powder diffraction 
file was used to identify the phases present. 
Crystallite sizes were calculated from line 
broadening using the Scherrer equation 
(10). 

X-ray Photoelectron Spectroscopy 
(XPS or ESCA) 

ESCA spectra of oxidic catalysts were 
obtained using a Leybold-Heraeus LHS-10 
electron spectrometer equipped with an A1 
anode (1486.6 eV) operated at 12 kV and 22 
mA. ESCA measurements of reduced cata- 
lysts were performed with an AEI ES200A 
spectrometer. Reduction was carried out in 
a sealable probe to allow transfer of re- 
duced catalysts from a tube reactor to the 
spectrometer without exposure to air. Ap- 
propriate calibrations were made to allow 
the direct comparison of XPS intensities 
obtained from the two instruments. The ox- 
idic catalysts were run as powders dusted 
on sticky tape; catalysts mounted on a seal- 
able probe were pressed into 6 x 15 mm 2 
rectangular pellets at a pressure of 1000 Kg/ 
c m  2. T h e  Ti2p3/2 line (B.E. 458.7 eV) from 
the support was used as the binding energy 
reference for the catalysts. The binding en- 
ergies of standard compounds that do not 

contain Ti +4 were referenced to the Cls line 
(B.E. 284.6 eV). 

Several models have been proposed to 
relate the ESCA intensity ratio (Ira~Is) for a 
supported phase (m) dispersed on a carried 
(s) to the particle size of the supported 
phase (11-13). The validity of these models 
rests, however, on the assumption, not al- 
ways justified, of a uniform repartition of 
the supported phase (i.e., similar distribu- 
tion of the supported phase between the in- 
ner pores and the outer parts of the catalyst 
particle). In the present investigation, the 
model proposed by Kerkhof of Moulijn (13) 
was used to calculate the dispersion of the 
cobalt phase. The photoelectron cross sec- 
tions and the mean escape depths used in 
these calculations were taken from Refs. 
(14) and (15), respectively. According to 
Kerkhof and Moulijn (13), for a supported 
phase (m) present as discrete cubic parti- 
cles of a dimension (d), the ESCA intensity 
ratio Im/Is is given by the equation 

(Im/Is) = (lOm/I °) [1 -- e x p ( - d / k m ) ] / d / h m ,  

where hm is the mean escape depth of the 
photoelectrons in (m) and IOm/I ° is the pre- 
dicted intensity ratio for monolayer disper- 
sion. 

Hydrogen Chemisorption 

Hydrogen chemisorption was performed 
in a conventional stainless steel volumetric 
system evacuated by mechanical and oil 
diffusion pumps. The base pressure of the 
system was ca. 5 x 10 -6 Torr. An MKS-390 
Baratron Pressure Transducer was used for 
pressure measurements over a range of 0 to 
1000 Torr. Following reduction, the sample 
(ca. 1 g) was evacuated for 1 h. Following 
evacuation, adsorption isotherms were 
taken at room temperature. The total hy- 
drogen uptake was determined by extrapo- 
lating the straight-line portion of the ad- 
sorption isotherm to zero pressure. Since 
H2 chemisorption on supported cobalt cata- 
lysts was reported to be an activated pro- 
cess (16), a second isotherm was taken by 
raising the temperature to 185°C and then 
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cooling to room temperature after each 
equilibrium point. The extent of reduction 
of the cobalt phase was determined by 02 
uptake at 400°C (17). It is assumed that 02 
consumption is due to oxidation of Co 
metal to Co304. 

Actioity Measurements 

Benzene and CO hydrogenation activity 
measurements were performed in a flow mi- 
croreactor. The microreactor system con- 
sists of four U-shaped Pyrex glass reactors 
(¼" in diameter) mounted in a four-tube fur- 
nace and connected to stainless steel feed 
lines equipped with pressure and flow con- 
trollers (Matheson) and an on-line gas chro- 
matograph (Perkin-Elmer Sigma 2000). The 
reactor was packed with 50 mg of catalyst 
(ca. 6 mm in length) on top of a glass wool 
plug. CO hydrogenation activity was mea- 
sured at 185°C. A premixed CO/HJHe (3/ 
9/88, 99.999%) feed gas was introduced into 
the reactor at a flow rate of 50 cm3/min. The 
products were analyzed by gas chromatog- 
raphy using an OV 101 column; the conver- 
sion of CO to hydrocarbons was kept below 
1%. Benzene hydrogenation activity mea- 
surements were carried out at 70°C. The 
reactant mixture (H2 : benzene = 98 : 2) was 
obtained by flowing H2 through a benzene 
saturator maintained at room temperature. 
The reactant gas was introduced at a flow of 
50 cm3/min. Products were analyzed by gas 
chromatography using a column packed 
with 10% carbowax 400 on Chromosorb W- 
HP. Under these reaction conditions, con- 
version is below 5% and cyclohexane was 
the only product formed. 

RESULTS 

Oxidic Catalysts 

X-ray diffraction (XRD). X-ray diffrac- 
tion patterns characteristic of the support 
were observed for all catalysts. The compo- 
sition of the support determined as de- 
scribed in Ref. (18) was invariant in all cata- 
lysts (70% anatase, 30% rutile) indicating 
that impregnation and calcination have no 

TABLE 1 

Percentage and Particle Size of CoaO4 Obtained 
from XRD 

Sample % C0304 Size of Co304 (nm) 

ColTi " 
Col.5Ti 47 15 
Co3Ti 80 17 
Co4Ti 83 18 
Co6Ti 78 19 

o Peak intensities are too weak to measure accu- 
rately. 

effect on the anatase to rutile ratio. Diffrac- 
tion lines characteristic of Co304 were ob- 
served for catalysts having cobalt contents 
higher than 1%. The Co304 crystallite size 
was estimated from line broadening of the 
(111) line using the Scherrer equation (10). 
The results reported in Table 1 indicate an 
increase in Co304 crystallite size from 15 to 
19 nm as cobalt loading increases from 1.5 
to 6%. 

The fraction of the Co phase present as 
crystalline Co304 was estimated by compar- 
ing the intensity ratios of lines characteris- 
tic of Co304 (440) and TiO2 (ruffle) (310) 
with the values obtained from physical mix- 
tures of Co304 and TiOz. The results, re- 
ported in Table 1, indicate that the percent 
of cobalt present as crystalline Co304 in- 
creases from 47 to 80% as the cobalt con- 
tent of the catalysts increases from 1.5 to 
3.0% and levels off at ca. 80% for higher 
cobalt loadings. 

ESCA. The ESCA Co2p spectra of Co304 
and CoTiO3 model compounds are shown 
in Fig. 1. Note that the Co2p3/2 spectrum of 
CoTiO3 exhibits a strong shake-up satellite 
located 6 eV higher than the Co2p3/2 main 
peak (19). In addition to the intense shake- 
up satellite, the ESCA Co2p3/2 binding en- 
ergy of CoTiO3 (781.2 eV) is 1.4 eV higher 
than that of Co304. 

Representative ESCA Co2p spectra of 
the calcined C o / T i O 2  catalysts are also 
shown in Fig. 1. The ESCA C02p3/2 binding 
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Fig. 1. ESCA C02p3/2 spectra  of  s tandard com- 
pounds  and oxidic catalysts .  

energies and the height ratios of the shake- 
up satellite to the main Co2p3/2 peak (S/M) 
are reported in Table 2 for all catalysts. The 
Co2p3/2 B.E. values and the S/M height ra- 
tios for Co0.5Ti and ColTi catalysts are 
consistent with the presence of CoTiO3. 
The Co2p3/2 B.E. values and the S/M height 
ratios of the shake-up satellite decrease 
with further increase in cobalt loading. In 
addition, the Co2p3/2 peak becomes broader 
at higher cobalt loading. For Co6Ti, the 
Co2p31z B.E. value of 780.0 -+ 0.2 eV and 
the satellite structure are close to those of 
C o 3 0 4 .  

Variation of the ESCA Co2p3/2/Ti2p in- 
tensity ratio as a function of Co/Ti atomic 
ratio is shown in Fig. 2 (solid circles) along 
with the monolayer line predicted by the 
Kerkhof and Moulijn model (13). For co- 
balt loadings below 1.0%, the observed in- 
tensity ratios correspond to the monolayer 
coverage for the oxidic catalysts. Deviation 
from the monolayer line is observed for 
higher cobalt loadings indicating formation 
of a discrete cobalt phase. 

Reduced Catalysts 

ESCA. Examination of the ESCA Ti2p 
envelope for oxidic and reduced catalysts 
shows that no significant change occurs on 
reduction. This is in agreement with other 
studies (20-22). 

After reduction, a peak located at 777.4 
-+ 0.2 eV characteristic of cobalt metal (23, 
24) appeared for all catalysts (Fig. 3). The 
degree of reduction of the cobalt phase was 
estimated from the ESCA Co2p3/2 envelope 
according to the method of Stranick et al. 
(23). The results indicate complete reduc- 
tion of the cobalt phase to cobalt metal at 
400 and 500°C for all loadings. 

Figure 2 shows the Co2p3/2/Ti2p intensity 
ratios for catalysts reduced at 400°C. A sig- 
nificant decrease in the Co/Ti intensity ra- 
tio is observed on reduction. A similar de- 
crease was obtained when catalysts were 
reduced at 500°C, indicating that sintering 
of the cobalt phase occurs on reduction. 
The cobalt metal particle size was calcu- 
lated using the Kerkhof and Moulijn model 
(13). The results, reported in Table 2, indi- 

T A B L E 2  

ESCA Co2p3/2 Binding Energy,  S /M Height Ratio 
for Oxidic Co/TiO2 Catalys ts  and Particle Size of  the 
Cobalt  Metal in the Reduced  Catalysts  

Sample Co2p3/2 Cobalt  metal  
particle size (nm) d 

B . E f  S /M b 
400°C ~ 500°C ~ 

Co0.5Ti 781.2 0.47 5.7 - 1.3 5.4 -+ 2.0 
ColTi  781.1 0.45 5.6 - 1.7 5.6 -+ 2.0 
Col .5Ti  780.9 0.44 7.8 "- 0.4 8.4 --- 0.4 
Co3Ti 780.4 0.33 9.5 --- !.1 9.9 -+ 0.8 
Co4Ti 780.1 0.23 11.8 -+ 0.5 11.0 --L- 0.6 
Co6Ti 780.0 0.22 12.5 -+ 0.3 12.7 -+ 0.8 
Co304 779.8 0.13 
CoTiO3 781.2 0.43 

o Standard deviat ion for B.E.  measu remen t s  is +0.2 
eV. 

b Shake-up satellite to main peak height  ratios. 
c Reduct ion tempera ture  o f  catalysts .  
d CO metal  particle de termined from Kerkho f  and 

Moulijn model  (13). 
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Fig. 2. Variation of ESCA Co2p3a/Ti2p intensity ra- 
tio as a function of cobalt loading. (S), oxidic cata- 
lysts; (©), catalysts reduced at 400°C. The dashed line 
gives the predicted Co2p3/JTi2p intensity ratios for 
monolayer coverage. 

cate that the cobalt metal particle size in- 
creases from 6 to 13 nm with increasing co- 
balt loading. The cobalt particle sizes 
measured by ESCA at 500°C were the same 
as those measured at 400°C, within experi- 
mental error. It should be noted, however, 
that the calculated particle size of the co- 
balt phase and the magnitude of the esti- 
mated increase in cobalt particle size with 

increasing cobalt loading are a function of 
the assumptions made with respect to the 
shape of the cobalt particles (cubic, hemi- 
spherical or spherical) (11). 

Oxygen titration. Oxygen uptake of 6.5 
and 11.5 /.~mol O2/g-TiO2 was obtained 
when the TiO2 support was subjected to hy- 
drogen treatment at 400 and 500°C respec- 
tively, along with a color change of the tita- 
nia from white to light blue. This is 
consistent with previous studies (20-22, 
25), and is attributed to formation of Ti +3 
ions on reduction. The percentage of Ti ÷4 
ion reduced to Ti ÷3 ion can be calculated 
from the oxygen uptake, based on the stoi- 
chiometry that one oxygen removed pro- 
duced two Ti ÷3 ions. The results reported in 
Table 3 show that the percent Ti +3 ion in- 
creases from 0.2 to 0.4%, when the reduc- 
tion temperature increases from 400 to 
500°C. 

The extent of cobalt reduction in the cat- 
alysts obtained from oxygen titration is re- 
ported in Table 4. Note that the extent of 
reduction exceeds 100%. Since ESCA data 

TABLE 3 

Extent of Reduction of Titania Obtained from 
Oxygen Titration 

780.4 

I 
reduced k [ 

Binding energy, eV 

Fig. 3. ESCA Co2p3jz spectra for oxidic and reduced 
Co3Ti catalysts. 

Sample Oxygen uptake Percentage 
(~mol of Ti +3b'" 

Offg-TiO2)" 

4 0 0 ° C  d 5 0 0 ° C  d 

4 0 0 ° C  d 5 0 0 ° C  d 

TiOz 6.5 11.5 0.2 0.4 
Col .5Ti 12.8 22.2 0.4 0.7 
Co3Ti 17.9 36.3 0.6 1.2 
Co6Ti 31.4 56.3 1.0 1.8 

a For catalysts, this is the amount of oxygen uptake 
calculated from the difference between total oxygen 
uptake and the amount predicted for complete reduc- 
tion of cobalt. 

b Assuming one oxygen removed by H2 treatment 
generates two Ti +3, calculated by: {[oxygen uptake 
(/zmol 02/g-TiO2)]/[lzmol Ti/g-TiO2)} x 4. 

" Relative standard deviation for measurement of % 
Ti +3 is +30%. 

d Reduction temperature. 
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T A B L E  4 

E x t e n t  o f  R e d u c t i o n  o f  C o b a l t  i n  

C o / T i O 2  C a t a l y s t s  O b t a i n e d  f r o m  O x -  

y g e n  T i t r a t i o n  

Sample Percent reduction 
of cobalt a 

4 0 0 ° C  b 500°C b 

C o l . 5 T i  103 113 

C o 3 T i  105 110  

C o 6 T i  105 109  

a Standard deviation for measure- 
ment from oxygen titration is -+2%. 

b Reduction temperature of cata- 
lysts. 

indicate complete reduction of cobalt, the 
"excess"  reduction (i.e., the "excess"  ox- 
ygen uptake (Table 4)) can be attributed to 
partial reduction of titania. The percent 
Ti +3 ion formed in the catalysts can be cal- 
culated from the "excess"  oxygen uptake. 
The results reported in Table 3 show up to 
fourfold increase in the percentage of Ti +4 
ion reduced to Ti +3 ion compared to that of 
the titania carrier without cobalt. 

Hydrogen chemisorption. The results of 
H2 chemisorption are shown in Table 5. The 
observed hydrogen uptake measured at 
room temperature (1.2-6.3 /zmol/g-Cat.) 
corresponds to cobalt particle sizes in the 
range of 75-190 nm. Clearly, the cobalt par- 
ticle sizes are too large considering the co- 
balt loading and the titania surface area (50 
m2/g). By raising the cell temperature to 
185°C and cooling to room temperature dur- 
ing adsorption, the total hydrogen uptake is 
enhanced up to twofold. This indicates that 
hydrogen chemisorption is activated for ti- 
tania supported cobalt catalysts (16). Thus, 
the cobalt dispersion given in Table 5 was 
calculated from total H2 uptake measured 
after raising the cell temperature to 185°C 
(assuming that the adsorption stoichiome- 
try H/Cos is equal to 1). 

The variation of cobalt dispersion as a 
function of cobalt loading for various re- 

duction temperatures is shown in Fig. 4, 
along with cobalt dispersions calculated 
from ESCA data. It is clear that cobalt dis- 
persion calculated from hydrogen chemi- 
sorption data increases with increasing co- 
balt loading. This is contrary to what one 
would expect on the basis of the method 
used for catalyst preparation. It is also at 
variance with the ESCA data which show a 
decrease in cobalt dispersion with increas- 
ing cobalt loading. Note also that H2 chemi- 
sorption data indicate a decrease in cobalt 
dispersion with increasing reduction tem- 
perature, whereas ESCA results (Table 2) 
show that the cobalt particle size is not sig- 
nificantly changed as a function of reduc- 
tion temperature. Therefore, it is concluded 
that HE chemisorption is suppressed, and is 
inappropriate for estimating the cobalt par- 
ticle size. This is consistent with early 
studies of titania supported cobalt catalysts 
(5-7). 

Catalytic activity. The variation of ben- 
zene and CO hydrogenation activity as a 
function of time on stream for 3% Co/TiO2 
at various reduction temperature, is shown 
in Fig. 5. Generally, an initial decrease in 
activity was observed, then a steady state 

T A B L E  5 

H y d r o g e n  U p t a k e  a t  V a r i o u s  R e d u c t i o n  

T e m p e r a t u r e s  

Sample Reduction temp. 400°C Reduction temp. 
Uptake (/xmol H2/g-cat.) 500°C Uptake 

(ttmol H2/g-cat.) 
R.T. u activated/' 

R.T. a activated h 

Col.5Ti d 1.9 --+ 0.3 a 1.0 -+ 0.2 
(1.6 -+ 0.2) C (0.8 -+ 0.2) c 

Co3Ti 3.4 + 0.1 4.9 -+ 1.3 1.2 _+ 0.1 2.1 -+ 0.9 
(2.0 --'- 0.6) c (0.9 -+ 0.4)" 

Co4Ti 5.2 + 0.5 8.0 -+ 1.2 1.8 -+ 0.2 3.5 -+ 0.7 
(2.4 -+ 0.4) c (1.1 -+ 0.2)' 

Co6Ti 6.3 + 0.6 14.2 + 2.1 3.8 -+ 0.4 7.3 -+ 0.8 
(3.0 -+ 0.4) c (1.6 -+ 0.2)" 

a Uptake measured at room temperature. 
b Uptake also measured at room temperature after the cell tempera- 

ture was raised to 185°C and cooled to room temperature at each hydro- 
gen pressure. 

c Number in parenthesis represents percent dispersion of cobalt metal 
calculated from HE adsorption (stoichiometry H/Cos = 1). 

a Uptake is too small to make accurate measurements. 
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Fig. 4. Variation of cobalt dispersion calculated from ESCA data (a) and H2 chemisorption (b) as a 
function of cobalt loading. (O), catalysts reduced at 400°C; (0), catalysts reduced at 500°C. 

was gradually reached after 6 h on stream. 
The initial and steady state activities for 
benzene and CO hydrogenation are given in 
Tables 6 and 7, respectively. In general, the 
steady state activity (8 h on stream) is ca. 
40-60% of the initial activity. 

The variation of steady state benzene and 
CO hydrogenation activities (c.c./g-Co/h) 
as a function of cobalt loading is shown in 
Fig. 6. It can be seen that for both reactions 
the activity decreases with increasing re- 
duction temperature. Also for both reduc- 

tion temperatures, the catalytic activity in- 
creases with increasing cobalt loading up to 
3%, and levels offfor higher cobalt content. 

The turnover frequencies (TOF, number 
of cyclohexane molecules produced per site 
per second) for benzene hydrogenation 
based on cobalt dispersion calculated from 
both H2 chemisorption (activated) and 
ESCA data are plotted in Fig. 7 as a func- 
tion of cobalt loading. It can be seen that 
the TOF(ESCA) values (0.1-1.5 × 10 -2 s -l) 
are lower than the corresponding TOF(H2) 
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Fig. 5. Variation of catalytic activity of Co3Ti catalyst as a function of time on stream for benzene 
hydrogenation (a) and CO hydrogenation (b). (O), catalyst reduced at 400°C; (O), catalyst reduced at 
500°C. 
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TABLE 6 

Activity of Co/TiO2 for Benzene Hydrogenation 
at 70°C 

Sample  Reduct ion  temp.  400°C Reduct ion temp.  500°C 

Rate a T O F  b X 10 2 Rate a T O P  x 10 2 

E S C A  H2 E S C A  H2 

Co0.5Ti 702 -+ 104" 0.3 520 ± 163 0.2 

455 ± 73 d 0.2 312 ± 72 0.1 
C o l T i  1700 + 141 0.6 1225 ± 35 0.5 

1034 ± 189 0.4 600 + 180 0.2 

Co l . 5T i  2046 -+ 77 1.1 8.5 1472 -+ 154 0,8 12.3 
1290 ± 297 0.6 5,4 850 ± 85 0.5 7 . l  

Co3Ti 3139 -+ 86 1.9 10.5 1919 -+ 256 1.3 12,8 

1772 + 40 1.I 5.9 1100 + 141 0.7 7,3 
Co4Ti 3035 -+ 233 2,4 8.4 1686 -+ 167 1.2 10.2 

1800 -+ 140 1,4 5,0 951 -+ 69 0.7 5.8 
Co6Ti 3013 + 159 2.5 6.7 1630 ± 32 1.4 6.8 

1851-+ 35 1.5 4.1 1027-+ 76 0.9 4.3 

a Rate in c .c . /g-Co/h .  

b T O F  ( s - t )  was  calculated f rom cobalt  d ispers ion measured  by E S C A  
and H2 chemisorpt ion .  

c Activity after 2 min  on  s t ream. 

d Activi ty after 8 h on  s t ream (steady state), 

TABLE 7 

Activity of Co/TiO2 for CO Hydrogenation at 185°C 

Sample  Reduct ion temp.  400°C Reduct ion temp.  500°C 

Rate  a T O P  x 103 Rate ~ T O F  b × 103 

E S C A  H2 E S C A  H2 

Co0.5Ti 97 ± 22 c 0.4 38 ± 7 0.14 

52 ÷ II  d 0.2 16 ÷ 3 0.06 
C o l T i  178 -+ 12 0.9 45 +- 13 0.2 

85 -+ 13 0.4 33 -+ 4 0.1 
Co l .5T i  256 ± 2 7,3 10.7 48 -+ 3 0,3 4.0 

124 + 4 0.6 5.2 40 + 2 0,2 3.0 
Co3Ti 330 -+ 13 2.1 11.0 94 +- 4 0.6 6.3 

165 + 3 1.0 5.5 64 + 6 0,4 4.3 
Co4Ti 338 -+ 42 2.7 9.4 102 ± 11 0.8 6.2 

769 -+ 5 1.3 4,7 76 -+ 5 0.6 4.6 
Co6Ti 322 ÷ 25 2.7 7,2 108 ± t 0.9 4.5 

152 ± 11 1.3 3.4 75 + 2 0,6 3.1 

" Rate in c.c,/g-Co/h. 
b T O F  ( s -  I) was  calculated f rom cobal t  d ispers ion measured  by E S C A  

and H2 chemisorpt ion .  
c Activity after 1 h on stream. 

d Activi ty after 8 h on s t ream (steady state). 

values (4-7 × 10 -2 s -r) for all catalysts. In 
addition, the TOF(ESCA) increases with 
increasing cobalt loading and reduction 
temperature, whereas the TOF(H2) shows 
little variation with cobalt content or reduc- 
tion treatment. 

The variation of TOF for CO hydrogena- 
tion as a function of cobalt loading is shown 
in Fig. 8. Note that the TOFs(H2) (3-5 x 

10 -3 S - l )  a r e  higher than the TOFs(ESCA) 
(0.1-1.3 x 10 -3 s-I). The observed varia- 
tion of TOF(ESCA) with cobalt content is 
similar to that obtained for benzene hydro- 
genation. 

The variation of TOF(ESCA) as a func- 
tion of cobalt dispersion (from ESCA data) 
at the two reduction temperatures is shown 
in Fig. 9 for benzene and CO hydrogena- 
tion. A decrease in TOF(ESCA) with in- 

7 2 
¢D 

X 
.¢ 
\ 
o 

U 
! 

q 1 
u 

0 
0 

a .  C6H~o~C 

O 

b. CO/H 2 

O 

/ 
0 

o/ 
/i/ I ~ l  

2 4 0 2 4 

Co Ioading,wt % Co Ioading,wt % 

2 7  
o 

X 

A 
d~ N. 

O 
t~ 

I 

g¢  

Fig. 6. Variation of catalytic activity for benzene hydrogenation (a) and CO hydrogenation (b) as a 
function of cobalt loading. (©), catalysts reduced at 400°C; (O), catalysts reduced at 500°C. 
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Fig. 7. Variation of turnover frequency, TOF(H2) (a) and TOF(ESCA) (b), for benzene hydrogena- 
tion as a function of cobalt loading. (O), catalysts reduced at 400°C; (O), catalysts reduced at 500°C. 

creasing reduction temperature and cobalt 
dispersion is observed for both reactions. 

DISCUSSION 

The Chemical State and Dispersion of 
Cobalt 

For Co0.5Ti and ColTi catalysts, the 
agreement between the experimental 
ESCA Co2p3/z/Ti2p intensity ratios and the 
predicted monolayer values indicates that 
the cobalt phase is primarily present as a 
highly dispersed surface cobalt species on 
these catalysts. The Co2p3/2 binding energy 

(781.2 -+ 0.2 eV) and the shake-up satellite 
intensity are consistent with the presence 
of surface CoTiO3. The formation of 
CoTiO3 in Co/TiO2 catalysts has been re- 
ported for catalysts calcined at 650°C (26). 

For cobalt loadings higher than 1%, the 
observed ESCA Co2p3/2/Ti2p intensity ra- 
tios were significantly lower than the pre- 
dicted monolayer values. This indicates 
that discrete cobalt particles were formed, 
in accord with the observation of XRD lines 
of Co304. The decrease in the relative 
shake-up satellite intensity of the Co2p3/2 
peak with increasing cobalt loading and in 
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Fig. 8. Variation of turnover frequency, TOF(Hz) (a) and TOF(ESCA) (b), for CO hydrogenation as 
a function of cobalt loading. (O), catalysts reduced at 400°C; (O), catalysts reduced at 500°C. 
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Fig. 9. Variation of turnover frequency, TOF(ESCA), as a function of cobalt dispersion (ESCA) for 
benzene hydrogenation (a) and CO hydrogenation (b). (O), catalysts reduced at 400°C; (O), catalysts 
reduced at 500°C. 

the Co2p3/z binding energy from 781.2 to 
780.0 eV are also consistent with the forma- 
tion of Co304 . It is worth noting that for Co 
loadings higher than 1 wt%, the ESCA Co/ 
Ti intensity ratios decrease to values lower 
than that measured for ColTi. In fact, the 
measured intensity ratios for Co loadings 
->3 wt% were comparable to that obtained 
for Co0.5Ti. This behavior cannot be sim- 
ply attributed to the formation of discrete 
Co particles on top of the atomically dis- 
persed phase present in the ColTi catalyst, 
since such distribution of the Co phase 
should lead to a leveling off of the ESCA 
Co/Ti intensity ratios around a value at 
least equal to that measured for the ColTi 
catalyst. One interpretation for the ob- 
served decline in the ESCA Co/Ti intensity 
ratios for Co loadings higher than 1 wt% 
(assuming that all samples are uniform) is a 
decrease in the absolute amount of Co 
present as a surface compound. This could 
be attributed to a greater ease of nucleation 
of the Co304 phase from concentrated Co 
solutions at the detriment of the surface 
phase. 

The fraction of cobalt present as the 
Co(II) surface species (x) can be estimated 
by curve fitting the ESCA Co2p3/2 envelope 
according to the modified ESCA method 

(23). Assuming that Co(II) and C0304 are 
the only Co phases present, the fraction of 
the cobalt phase present as C0304 (i.e., l-x) 
can readily be obtained. The results are 
shown in Fig. 10. It can be seen that as 
cobalt loading increases from 0.5 to 3%, the 
percent of Co(II) decreases from 100 to 
10%. Further addition of cobalt has no sig- 
nificant effect on the relative amount of co- 
balt species. Also reported in Fig. 10 is the 
percent of C0304 estimated from quantita- 
tive XRD. There is a fairly good agreement 
between the two techniques. 

100 

• CO(II) I ~ - - ' ~  I 
o 

Co304 

"" 50 

~ m  . • 

0 ib , 

2 4 6 

Co loading ,wt% 

Fig. 10. The distribution of cobalt phases as a func- 
tion of cobalt loading in the oxidic catalysts. (IlL 
Co(II); (O), Co304 (ESCA); (C)), Co304 (XRD). 
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Fig. 11. Variat ion of  the fraction of  surface cobalt 
atoms which chemisorb hydrogen, [%DH2/%DEscA], 
versus cobalt dispersion (ESCA). (©), catalysts re- 
duced at 400°C; (O), catalysts reduced at 500°C. 

Evidence for the Reduction of TiO 2 and 
Suppression of H2 Chemisorption 

Partial reduction of TiO2 at temperatures 
above 400°C inferred from oxygen titration 
is in agreement with other studies (20-22, 
25). Additional reduction of TiO2 occurred 
when cobalt metal was present, indicating 
that cobalt metal facilitates the reduction of 
TiO2. This has been attributed to hydrogen 
spill-over (21). 

It is of interest to compare the apparent 
dispersion of the cobalt phase obtained 
from H2 chemisorption with that estimated 
from the cobalt particle size values deter- 
mined by ESCA. The ratio [%DHz/%DEscA] 
represents the fraction of "surface" cobalt 
which chemisorbs hydrogen. Figure 11 
shows a plot of [%DHz/%DEscA] as a func- 
tion of cobalt dispersion (obtained from 
ESCA) for the two reduction temperatures. 
The decrease in [%D.a/%DEscA] with in- 
creasing cobalt dispersion agrees with the 
reported effect of crystallite size on the on- 
set of SMSI for titania supported nickel 
catalysts (27). Also, the decrease in [%D~2/ 
%DEscA] with increasing reduction temper- 
ature parallels the increase of TiO2 reduc- 
tion determined from oxygen titration (see 
Table 4). This is consistent with the expla- 
nation that the suppression of hydrogen 

chemisorption is caused by covering of the 
active metal surface with reduced TiOx spe- 
cies (28). The amount of TiOx needed to 
cover completely the cobalt surface (as- 
suming that one TiOx moiety is required to 
cover one cobalt atom) was calculated to be 
less than 30% of the Ti ÷3 ions generated in 
the Co6Ti catalyst after reduction at 500°C 
(see Table 4). Assuming that Ti +3 ions 
formed are atomically dispersed on the sup- 
port surface, the surface reduction of TiO2 
can be estimated. A maximum amount of 
30% surface reduction was calculated for 
the Co6Ti catalyst reduced at 500°C. This 
corresponds to ca. 5% contribution from 
Ti ÷3 to the total ESCA Ti2p area based on 
the Kerkhof and Moulijn model (13). A 
computer composite made from Ti2p3/2 
spectra characteristic of Ti ÷4 and Ti ÷3 indi- 
cates no observable change in the Ti2p en- 
velope for such a minor contribution of 
Ti +3, which is consistent with the experi- 
mental results. 

Effect of Reduction Temperature and 
Cobalt Dispersion on Benzene and CO 
Hydrogenation Activities 

The observed decrease in the TOF 
(ESCA) of Co/TiO2 catalysts for benzene 
hydrogenation with increasing reduction 
temperature is similar to the results re- 
ported by Marcelin et al. for modified alu- 
minum phosphate-supported nickel cata- 
lysts (29). These authors noted that the 
decrease in TOF (based on Ni particle size 
obtained from XRD line broadening) corre- 
lates with the suppression in the capacity of 
Ni to adsorb hydrogen at high reduction 
temperature. The results were interpreted 
as an indication that only Ni sites which 
chemisorb hydrogen are catalytically ac- 
tive. This was illustrated by a constant TOF 
calculated from H2 chemisorption. Our 
results, indeed, show that a correlation ex- 
ists between TOF(ESCA) and the fraction 
of surface cobalt which chemisorbs hydro- 
gen [%DH2/%DEscA ] (Fig. 9a and 11). Also, 
the observed TOF(H2) (5.6 -+ 1.2 s -l) for 
benzene hydrogenation appears to be little 
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affected by the reduction temperature and 
cobalt dispersion. Therefore, in line with 
the explanation proposed for the Ni/AIPO4 
system, the decrease in benzene hydroge- 
nation activity can be attributed mainly to 
the decrease in the number of surface co- 
balt atoms which can chemisorb hydrogen. 

The variation of TOF(ESCA) for Co/ 
TiO2 catalysts for CO hydrogenation with 
increasing reduction temperature and co- 
balt dispersion is similar to that observed 
for benzene hydrogenation. Burch and co- 
workers (30, 31) proposed that high temper- 
ature reduction of Ni/TiO2 catalysts leads 
to migration of TiOx species onto the sur- 
face of metal particle, which may create 
new active sites and/or physically block 
some of the metal surface. From this 
model, the observed activity is the balance 
of these two opposing factors. Clearly, our 
results which show TOF(ESCA) values de- 
creasing with increasing reduction tempera- 
ture and cobalt dispersion (Fig. 9b), and 
TOF(H2) values (4.2 - 1 s -l) practically 
constant (Fig. 8a) mainly reflect a decrease 
in the number of exposed cobalt atoms due 
to site blocking by reduced TiOx. The simi- 
lar catalytic behavior of Co/TiO2 for ben- 
zene and CO hydrogenation as a function of 
reduction temperature and cobalt disper- 
sion (Figs. 7, 8, and 9) is consistent with 
this explanation. 

CONCLUSIONS 

ESCA and XRD indicate that the cobalt 
phase in oxidic Co0.5Ti and ColTi cata- 
lysts is present as highly dispersed surface 
CoTiO3. For catalysts having higher cobalt 
loadings, discrete Co304 particles are 
formed in addition to surface CoTiO3. The 
relative amount of Co304 increases as the 
cobalt loading increases to 3% and levels 
off for higher loadings. 

ESCA indicates that the cobalt metal par- 
ticle size increases as the cobalt loading in- 
creases, and remains essentially unchanged 
as a function of reduction temperature from 
400 to 500°C. 

Hydrogen chemisorption is found to be 
activated; the extent of activation is a func- 
tion of cobalt loading and reduction temper- 
ature. Furthermore, cobalt capacity for hy- 
drogen chemisorption is suppressed; the 
fraction of "surface" cobalt atoms which 
chemisorb hydrogen decreases as the re- 
duction temperature is increased and as the 
cobalt metal particle size is decreased. 

The TOF's(ESCA) for benzene and CO 
hydrogenation were found to decrease with 
increasing reduction temperature (400- 
500°C) and decreasing cobalt particle size. 
The decline in activity correlates with the 
extent of suppression of hydrogen chemi- 
sorption. The results were interpreted in 
terms of a decrease in the fraction of ex- 
posed surface cobalt due to site blocking by 
reduced TiOx moieties. 
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