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Adsorption stoichiometries of H2 at 298 K and CO at 190298 K on alumina- and silica-supported 
Ni catalysts prepared by impregnation and precipitation techniques were investigated. In the case 
of alumina-supported nickel catalysts the metal loading was varied from 0.5 to 23 wt% in order to 
study the effects of metal-support interactions. Ni/SiO, catalysts were prepared by both 
impregnation and precipitation techniques to determine effects of catalyst preparation. Room- 
temperature H, adsorption on alumina- and silica-supported nickel occurs with a stoichiometry of 
one hydrogen atom per surface nickel atom as determined by chemisorption, X-ray diffraction, and 
electron microscopy. CO adsorption is considerabiy more complex, the stoichiometry of which 
varies with equilibration pressure, temperature, metal crystallite size, and metal loading. Forma- 
tion of nickel carbonyl and substantial amounts of chemical and physical adsorption of CO on the 
support provide additional complications. 

INTRODUCTION 

Nickel catalysts find widespread indus- 
trial application in hydrogenation, hydro- 
treating, and steam reforming reac- 
tions. Recently considerable interest has 
developed in the application of nickel cata- 
lysts for methanation of coal synthesis gas 
( I-5). Despite this widespread use, there is 
unfortunately little consensus regarding 
measurement of nickel surface area. 

In reviewing the pre- 1975 literature deal- 
ing with measurement of metal surface 
areas, Farrauto (6) observed that nickel 
areas had been measured using hydrogen, 
oxygen, and carbon monoxide over a range 
of temperatures and pressures, and that the 
adsorption stoichiometries remained to be 
confirmed under well-defined conditions. In 
addition, he expressed the important need 
for developing a reproducible, standard 
technique for measuring nickel surface 
area. 

In a recent paper (7), we reported the 
stoichiometries of hydrogen, carbon mon- 
oxide, and oxygen chemisorption on an 
unsupported nickel, the surface purity of 
which was established by ESCA measure- 

ments. Hydrogen adsorption was found to 
be well defined at room temperature over 
the pressure range of 100-400 Torr (1 Torr 
= 133.3 N m+), and the H/N& ratio was 
found to be 1.0. Carbon monoxide adsorp- 
tion, however, was determined to be con- 
siderably more complex, the stoichiometry 
depending greatly upon temperature and 
pressure. Nickel carbonyl formation was 
observed at 300 K. Oxygen adsorption was 
complicated by multilayer oxidation at 300 
K and presumably molecular adsorption at 
190 K. 

Although adsorption of CO and H2 on 
supported nickel has been the subject of 
numerous investigations (6), most of the 
previous work involved poorly character- 
ized catalysts; for example, the extent of 
reduction of nickel to the metallic state was 
usually not measured and effects of metal 
loading and preparation technique were 
usually ignored. Moreover, nickel metal 
dispersions were either not determined or 
were determined using only one technique. 
In the course of this study we learned that 
all of these catalyst properties may 
influence adsorption stoichiometry. Thus, 
this present investigation was undertaken 
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to determine the adsorption stoichiometries 
of hydrogen and carbon monoxide on well- 
characterized alumina- and silica-supported 
nickel and the effects of metal crystallite 
size, metal loading, degree of reduction 
to the metal, and preparation on adsorp- 
tion of these gases. 

EXPERIMENTAL 

Equipment and Materials 

Equipment. Gas adsorption measure- 
ments were carried out in a conventional 
Pyrex-glass volumetric adsorption appa- 
ratus capable of low6 Torr, obtained by 
means of oil diffusion and rotary pumps 
isolated from the adsorption system by a 
liquid-nitrogen-cooled trap. Each catalyst 
sample was placed in a Pyrex flow-through 
cell to enable reduction of samples in flow- 
ing hydrogen prior to the chemisorption 
measurement. The amount of gas adsorbed 
by the catalyst was determined by means of 
either a conventional gas burette connected 
to a mercury manometer backed by a metri- 
cally calibrated mirror or a Bourdon Gauge 
(Texas Instruments). 

Materials. hydrogen gas (99.96%, Whit- 
more), purified by passing through an 
Engelhard palladium Deoxo catalytic 
purifier and a molecular sieve trap at 190 K, 
was used for both catalyst reduction and 
uptake measurements. Carbon monoxide 
(Matheson grade, 99.99%), high-purity he- 
lium (99.995%, Matheson), and nitrogen 
(99.99%, Whitmore) were used for carbon 
monoxide uptake measurements, dead vol- 
ume, and passivation treatments, respec- 
tively. 

Procedure 

Catalyst preparation. Alumina-sup- 
ported catalysts (with the exception of 
2.9% Ni/Al,O,) were prepared by impreg- 
nation with a Ni(NO,), solution to incipient 
wetness of Kaiser SAS 5 x 8-mesh alumina 
(301 m2/g) previously calcined 2 h at 873 K; 
after impregnation the catalysts were dried 
at 373 K in a forced-air-circulation oven for 

at least 24 h. Several impregnations were 
used in order to distribute the active cata- 
lytic material more uniformly through the 
internals of the support. Two Ni/SiOz cata- 
lysts were prepared by a similar impregna- 
tion of Cab-0-Sil (Cabot Corp.). Two other 
silica-supported catalysts and 2.9% 
Ni/Al,O, were prepared by means of a 
controlled pH precipitation technique de- 
scribed by van Dillen et al. (8) using Cab- 
0-Sil and the same Kaiser alumina. These 
samples were also dried 24 h at 373 K. 

Large samples (50- 100 g) of each catalyst 
were reduced in a large reduction apparatus 
using flowing hydrogen at a space velocity 
of 1500-2000 h-’ according to a tempera- 
ture schedule previously reported (9) fol- 
lowed by a 15-h hold at 725 K. After cooling 
to 298 K, the samples were passivated 
using a 1% air in Nz stream at 2000-5000 
h-l. Percentage loadings were determined 
for most of the catalysts by Rocky Moun- 
tain Geochemical Corporation using atomic 
absorption spectroscopy. 

Catalyst pretreatment. A standard pre- 
treatment consisted of rereduction of a I- to 
3-g sample (previously reduced and pas- 
sivated) in a small Pyrex cell at 723 K for 2- 
6 h followed by evacuation at 673 K for l-2 
h. This was in turn followed by measure- 
ment of H, and CO adsorption uptakes at 
298 and 190 or 273 K, respectively. 

Hydrogen and carbon monoxide chemi- 
sorption measurements. Because hydrogen 
adsorption on the support was found to be 
negligible at room temperature, total hydro- 
gen uptake was measured at 298 K and no 
support correction was made. It was found 
that 45 min was sufficient to reach equilib- 
rium (as determined from adsorption-time 
data). 

Carbon monoxide adsorption was found 
to be considerably more complex than hy- 
drogen adsorption. One major problem was 
the formation of nickel carbonyl at 298 K 
(5, 10, II). However, it was found that by 
measuring the CO adsorption at 190 or 273 
K, it was possible to essentially eliminate 
this problem. For safety purposes, after 
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each CO adsorption measurement the sam- 
ple was evacuated and then heated from 
190 or 273 to 575 K in flowing hydrogen to 
react any adsorbed CO to methane thereby 
avoiding nickel carbonyl formation. 

Irreversible chemical adsorption of CO 
on the metallic constituents of each catalyst 
was measured according to the following 
method: (i) a known quantity of CO was 
admitted to the reduced and high-tempera- 
ture evacuated sample at 190 or 273 K and 
allowed to equilibrate 3 h at 300-400 Torr (it 
was determined that CO uptake was 
strongly dependent on equilibration pres- 
sure and that equilibrium was approached 
more rapidly at these higher equilibration 
pressures), (ii) an adsorption isotherm was 
measured at this point representing the 
total adsorption on the catalyst-chemical 
and physical adsorption on the metal and 
on the support, (iii) the sample was evacu- 
ated for 3 h at 190 or 273 K to remove the 
physically adsorbed CO (it was determined 
that the effect of the evacuation time and 
pressure was negligible beyond i h and a 
pressure of 10e3 Tort-, respectively), and 
(iv) CO was again admitted to the sample at 
190 or 273 K, and after d h, another adsorp- 
tion isotherm was measured. The last iso- 
therm representing the total physical ad- 
sorption was subtracted from the first to 
obtain the chemically adsorbed CO. An 
additional correction for chemisorption on 
the support was determined by measuring 
the adsorption on pure alumina under con- 
ditions identical to those of the catalyst. 

Calculations of surface area, dispersion, 
and average metal crystallite size for sup- 
ported metals have been discussed by 
Bartholomew (12, 13). In this study, the 
site density of 6.77 x IO-* nm2/atom used 
in these calculations was based on an equal 
distribution of the three lowest index planes 
of nickel (fee). In calculating metal disper- 
sion (or the fraction of metal atoms ex- 
posed) the metal loading was multiplied by 
the fraction of nickel reduced to the metal- 
lic state, based on the assumption that 
unreduced nickel is present in a separate 

dispersed phase in intimate contact with the 
support. Thus the equation used to calcu- 
late dispersion was: 

%Ld#, 

where X = Hz uptake in pmoles per gram of 
catalyst, W = the weight percentage of 
nickel, and f = the fraction of nickel re- 
duced to the metal. Average crystallite 
diameters were calculated from % D as- 
suming spherical metal crystallites, all hav- 
ing the same size d. Thus 

d = 971/(% D). (2) 

Measurement of percentage reduction. 
The percentage of nickel reduced to the 
metallic state was determined by O2 chemi- 
sorption at 723 K according to procedures 
described previously (9). 

X-Ray di’raction measurements. X-Ray 
diffraction scans were obtained using a 
Phillips diffractometer with CuKo radiation 
and a graphite monochrometer. The d 
values (interplanar spacings) for the various 
diffractogram peaks were calculated using 
the Bragg equation with A = 0.15405 nm 
(CuKcu radiation) and n = 1. Metal particle 
sizes were estimated from X-ray line broad- 
ening using the Scherrer equation accord- 
ing to the methods of Klug and Alexander 
(14). 

Electron microscopy measurements. 
Finely crushed samples were studied using 
a Hitachi HU- 11 E microscope. The powder 
was placed in n-butyl alcohol, more finely 
ground in a 7-ml tissue grinder, and then 
ultrasonicated to suspend the fine particles. 
A drop of the suspension was transferred to 
a,Formvar-coafed, copper.grid. The alcohol 
was than evaporated leaving fine particles 
ready for observation. Micrographs were 
photographically enlarged? to a magnifi- 
cation of 370,QOOX. 

RESULTS 

Chemisorption uptakes of H, at 298 K 
and of CO at either 190 or 273 K for 
alumina, alumina- and silica-supported 
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TABLE I 

Hydrogen and Carbon Monoxide Chemisorption 
Data for Alumina- and Silica-Supported Nickel 

Catalyst H2 uptak@ co uptakeb 
(pmoWg) (pmoles/g) 

CO/H’ 

Altos (Kaiser) 0.5 
Ni/AI,OI 

0.5% 0.8 
I .o 4.6 
2.Y 31 
3 36 
9 108 
14 188 
23 283 

100% Ni (IWO1 4.5 

26d 52 

44 28 
189 9.9 
268 3.6 
134d 1.9 
247d I.1 
357d 0.95 
4536 0.8 

4.v 0.55 
Ni/SiOz 

2.7% 85 550 3.2 
3.6’ 81 183 1.1 
13.5e 442 976 I.1 
I5 217 1290 3.0 

Q Total HP adsorption uptake at 298 K. Experimental accu- 
racy estimated at + l&15%. 

* Irreversible CO adsorption uptake at 273 K (unless other- 
wise noted) corrected for physical and chemical adsorption on 
the support. 

c Molecules CO adsorbed per atom of hydrogen adsorbed. 
d CO adsorption at 190 K. Data represent the average of 2-3 

runs; experimental accuracy was c IO-15%. 
c Prepared by precipitation. 

nickel, and unsupported nickel (INCO) are 
listed in Table 1 along with ratios of the 
number of CO molecules adsorbed per hy- 
drogen atom adsorbed. Typical H, and CO 
isotherms are shown in Figs. 1 and 2, while 
CO/H ratios are plotted as functions of 
nickel loading and percentage reduction of 
nickel to the metal in Fig. 3. 

From the data in Table 1, two trends are 
obvious for alumina-supported nickel cata- 
lysts: (i) H2 and CO adsorption uptakes 

i 
1 
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FIG. 1. H, uptake on 9% Ni/AIZOI at 298 K. 

FIG 2. CO adsorption on 9% Ni/A1203 at 190 K. (0) 
Initial isotherm after evacuation at 673 K; (0) second 
isotherm after evacuation at 190 K. 

increase with increased loading as might be 
expected and (ii) CO/H ratios decrease 
with increased metal loading, values rang- 
ing f’rom 28 for 0.5% Ni/A&O, to 0.8 and 
OS5 for 23% Ni/Al,O, and 100% Ni, re- 
specively, although the decrease is not 
line&r as shown by Fig. 3. No such trend is 
apparent for Ni/SiO, catalysts; rather 
CO/H values are approximately unity for 
cata ysts prepared by precipitation and 3 
time 5 larger for catalysts prepared by im- 
preg aation. 

T;:.ble 2 lists values of percentage reduc- 
tion of nickel to the metallic state deter- 
mint.:d by O2 chemisorption and of crystal- 
lite I liameter calculated from H, adsorption 
upts. kes in Table I. The estimates of nickel 
crystallite size from H, adsorption are also 
compared in Table 2 with values deter- 
min!.:d by X-ray diffraction and transmis- 
sion electron microscopy. In most cases the 
agreement among the three techniques is 
excc :llent (within IO%) and in all cases good 
(wit lin 30%). Three trends are apparent 
fror I the data in Table 2 for Ni/Al,O, 
cat2 lysts: (i) increasing percentage reduc- 
tion of nickel to the metal, (ii) decreasing 
disrlersion, and (iii) increasing metal crys- 
talli,:e diameter, all with increasing nickel 
loading. Figure 3 shows that increasing 
perc.:entage reduction also correlates, albeit 
non linearly, with decreasing values of 
CO ‘H. 
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PERCENT LOADING OR PERCENT REDUCTION 

FIG. 3. CO/H ratio as a function of nickel loading 
and percentage reduction to the metal for impregnated 
M/A&O,. 

Values of H2 uptake at 298 K and CO 
adsorption at 195, 273, and 294 K for 3% 

Ni/A1203 listed in Table 3 reveal that CO 
uptakes and CO/H values (referenced to H, 
adsorption at 294 K) decrease significantly 
with increasing temperature. After each CO 
adsorption measurement, the catalyst sam- 
ple (still at the adsorption temperature) was 
evacuated lo- I5 min through a special side- 
arm trap at 77 K; the evacuation was con- 
tinued another 15-20 min while heating the 
sample to approximately 325 K. The col- 
lected volatiles were then driven off by 
purging with H, while heating the sidearm 
trap to about 325 K; this stream was di- 
rected through an electrically heated tube 
at 573 K in order to decompose any 
Ni(CO), present in the gas to nickel metal. 
The tube was subsequently analyzed by 
atomic absorption for nickel. The results of 

TABLE 2 

Values of Dispersion, Percentage Reduction, and Average Crystallite Diameter for Alumina- and 
Silica-Supported Ni 

Catalyst Percentage 
reductiona 

9% D* Average crystallite diameter (nm) 

H, adsorption X-Rayd Electron 
microscopy’ 

Ni/AI,O, 
0.5% 29 6.4(59)“ 15(1.6)g - - 
1.0 42 I 3(42)g 7.6(2.3)O - - 
2.9/ 68 22 4.5 - - 
3 64 22 4.4 - - 
9 75 19 5.2 - - 
14 84 17 5.6 5.7(200) 3.7, 4.6 
23 94 15 6.3 5.3(200) 

Ni/SiO, 
2.7% 71 51 1.9 - 2.9 
3.6’ 71 37 2.6 - 2.7 
13.5’ 93 41 2.4 <3h(lll) 2.9 
I5 90 19 5.1 9.7(111) 9.7, 12. I 

a Based upon 0, uptake at 725 K assuming formation of NiO. 
* Based upon total Hz uptake at 298 K and corrected for the amount reduced to metal. D = dispersion or 

fraction of metal exposed. 
c Based upon total uptake at 298 K; corrected for the amount of nickel reduced to the metal. 
d From X-ray di&action line broadening. Miller indices of the pertinent diffraction peak are shown in 

parentheses. 
p Averages determined from surface-area-weighted and volume-weighted crystallite size distributions. 
’ Prepared by precipitation. All other catalysts were prepared by impregnation. 
g Percentage dispersion and average crystallite diameter shown in parentheses are based on CO adsorption, 

assuming that CO/N& = 3 and that no CO adsorbs on unreduced nickel. 
’ X-ray amorphous; line broadening technique can be used to determine average particle diameter greater than 

3 nm. 
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TABLE 3 

CO Adsorption on 3% Ni/A120B and Formation of 
Ni(CO), as a Function of Temperature 

Temp. Hg uptake” 

(K) Qmoles/g) 

CO uptakea 

(pmoleslg) 

CO/H’ Ni from 

Ni(COLd 
Decomposition 

(g/g T-49 

298 30.8 
195 146 2.4 ND” 

213 110 1.8 ND 

294 88 1.4 0.077 

a Total adsorption uptake. 
1 Irreversible uptake corrected for physical and chemical adsorption 

on the support. 
p Molecules CO adsorbed per atom hydrogen adsorbed at 294 K. 
d Collected by decomposition in an electrically heated tube and 

analyzed by atomic absorption. 
e Not detectable. 

this analysis listed in the last column of 
Table 3 indicate that detectable amounts of 
Ni(CO), were produced only at the highest 
temperature of adsorption, 294 K. 

DISCUSSION 

Hz Adsorption on Supported Nickel 

Although previous workers (15-17) as- 
sumed an adsorption stoichiometry of one 
hydrogen atom per nickel surface atom 
(H/Ni, = l), this assumption was based on 
very limited and/or questionable data. For 
example Yates et al. (15) assumed H/N& = 
1 for supported nickel catalysts at 298 K on 
the basis of work by O’Neill (18) on an 
unsupported nickel powder of very low 
surface area. Brooks and Christopher (16) 
reported that H/NI, = 1 from comparison 
of nickel areas based on hydrogen chemi- 
sorption data at 523 K and X-ray line broad- 
ening for several poorly dispersed com- 
mercial Ni catalysts (%D= l-7%). 
Unfortunately their estimates from the two 
different techniques varied by as much as 
200-300%; moreover, their estimates of 
metal area from X-ray line broadening for a 
given sample varied by as much as 200- 
300%. Their H, adsorption data obtained at 
525 K are of questionable validity since 

Schuit and van Reijen (19) have shown that 
Hz adsorption decreases significantly with 
increasing temperature, and at 525 K the 
adsorption is essentially reversible. In fact, 
the H, uptakes for some of the samples of 
Brooks and Christopher were a factor of 10 
less at 525 K compared to 298 K. Magnetic 
data discussed by Selwood (17) provide 
more convincing evidence of H/N& = I but 
were nevertheless limited to only one 
Ni/Al,OB catalyst and a series of Ni-Cu 
alloys having very similar dispersions. 

The results of this study provide for the 
first time comprehensive, quantitative data 
to support the assumption of H/Ni, = I for 
a wide range of nickel dispersions and 
loadings. That is, the good to excellent 
agreement among values of average crystal- 
lite diameter estimated from H, chemisorp- 
tion, X-ray line broadening, and transmis- 
sion electron microscopy (TEM) in Table 2 
indicates that the hydrogen atom to surface 
nickel atom ratio is indeed unity for room- 
temperature hydrogen adsorption on alu- 
mina- and silica-supported nickel. Based on 
the data from Table 2, this stoichiometry is 
apparently valid for nickel loadings of 3- 
23% and nickel dispersions of 15-50%. 
Recent adsorption and TEM studies of pre- 
calcined and sintered Ni/SiO* catalysts in 
our laboratory (20, 21) show this to be true 
at even lower dispersions. These results are 
also consistent with previously reported 
data from our laboratory (7) showing H/N$ 
= I for an unsupported nickel, having a 
dispersion of 0.05%. Thus, room-tempera- 
ture hydrogen chemisorption is recom- 
mended as a quantitative technique for 
measuring nickel surface area for alumina- 
and silica-supported nickel catalysts. 

However, due caution is recommended 
in extrapolating these results to nickel load- 
ings lower than 3% or to nickel catalysts 
containing supports other than alumina or 
silica-for example Ni/TiO, or Ni/ZrO, 
where strong metal-support interactions 
may induce changes in adsorption stoi- 
chiometry (22-25). Indeed, the data in Ta- 
bles I and 2 for 0.5 and 1.0% Ni/Al,O, 
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suggest that the adsorption stoichiometry 
of H/Ni, = 1 is not valid at nickel loadings 
lower than 3%, since (i) the Hz uptakes and 
dispersions based on H, uptakes for these 
samples are unexpectedly low (one hardly 
expects metal dispersion to decrease with 
decreasing metal loading) and (ii) the CO/H 
ratios of 28 and 9.9 for these catalysts are 
unexpectedly high. It is not reasonable to 
conclude from these data that CO/Ni, = 28 
and 9.9, since nickel can coordinate with no 
more than three other CO molecules, if it is 
bonded to other Ni atoms (or to four other 
CO molecules if it is in the gas phase). 
Accordingly the most reasonable explana- 
tion for these phenomena is that strong 
metal-support interactions reduce the 
amount of Hz adsorbed on Ni/A1203 at very 
low loadings in a manner similar to that 
observed for Ni/TiO, (21, 25). 

Finally, one should not assume that the 
stoichiometry reported here for total hy- 
drogen adsorption on nickel and deter- 
mined in a static, volumetric system ap- 
plies also to data obtained using flow 
techniques, by means of which irreversible 
rather than total adsorption is measured. In 
fact, we determined in this study that ap- 
proximately 40% of the hydrogen was ad- 
sorbed reversibly at room temperature on 
14% Ni/A1203 (i.e., could be removed by 
evacuation at 298 K). Slinken et al. (26) 
have shown that the amount of irreversibly 
adsorbed H, on Ni/SiO, catalysts varies 
significantly with temperature and nickel 
crystallite size. 

A comment regarding our calculation of 
nickel dispersion and average crystallite 
diameter is appropriate here. In the case of 
most supported noble metals such as 
Pt/A1,OB etc., it is customary to assume 
that all of the metal in the reduced catalyst 
is present as tiny metal crystallites. How- 
ever, in base metal catalysts such as 
Ni/Al,O, and Fe/A&O, a substantial frac- 
tion of the nickel or iron may be present as 
an oxide, which because of its strong inter- 
action with the support is impossible to 
reduce completely to the metal at typical 
reduction temperatures (e.g., 673-773 K). 

A number of Mossbauer studies (27-29) 
provide evidence that the unreduced iron is 
intimately associated with the support as a 
phase separate from reduced metal crystal- 
lites. Recent ESCA work (30) shows the 
same to be true of commercial Ni/SiO, and 
Ni/A&O, catalysts. Thus, we believe our 
assumption that the unreduced nickel is 
present as a separate phase and that metal 
dispersion and crystallite size estimates 
should include a correction for this unre- 
duced phase is based on sound experimen- 
tal evidence. 

Since in the case of the 0.5 and 1.0% 
Ni/Al,OB catalysts metal dispersions calcu- 
lated from hydrogen adsorption were un- 
reasonably low, values were estimated 
from CO adsorption data assuming a stoi- 
chiometry of CO/N& = 3 (the upper limit of 
CO adsorption on a nickel surface) and no 
adsorption on unreduced nickel sites. 
These assumptions are discussed in detail 
below. The estimates of nickel dispersion 
obtained by this approach of 59 and 42% for 
the 0.5 and 1 .O% samples, respectively, are 
considered to be lower bounds since the 
CO/N& ratio could be less than 3. 

CO Adsorption on Supported Ni 

Although adsorption of CO on supported 
nickel has received considerable attention 
(16, 19, 3/-36), the effects of adsorption 
pressure, temperature, metal loading, de- 
gree of reduction, and metal dispersion on 
adsorption stoichiometry have not hereto- 
fore been quantitatively considered, with 
the exception of one of these studies (35). 
In their it-/magnetic study of well-charac- 
terized Ni/SiO, catalysts Primet et al. (35) 
investigated some of these effects, although 
their experiments did not cover the ranges 
of dispersion and metal loading surveyed 
by this study. 

Efects of pressure and temperature. 
Early in this study it was determined that 
CO uptake depended significantly on equili- 
bration pressure below 100-200 Torr, but 
that equilibrium adsorption could be ob- 
tained within 30-45 min at pressures ex- 
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ceeding 300-400 Torr (4, 13, 37, 38). Thus 
much of the previously reported adsorption 
data determined at l-100 Torr are possibly 
suspect because they were not obtained at 
equilibrium. 

The data in Table 3 show that the quan- 
tity of CO adsorbed irreversibly on nickel 
decreases with increasing temperature from 
195 to 294 K. Assuming that H/N& = 1, the 
values of CO/H represent also the number 
of CO molecules adsorbed per nickel sur- 
face atom. Thus, approximately 24 mole- 
cules of CO adsorb on each nickel surface 
atom in the 3% Ni/A&O, catalyst at 195 K; 
on the average of 1.8 and 1.4 CO molecules 
adsorb irreversibly on this catalyst at 273 
and 294 K, respectively. It should also be 
mentioned that the magnitude of the second 
CO isotherm used to correct for physical 
adsorption on the support decreased very 
significantly with increasing temperature 
for a given catalyst as might be expected. 
Indeed, at 190 K, the amount of physi- 
cally adsorbed CO was large (for example 
see Fig. 2); thus, unfortunately, the cal- 
culation of chemisorbed CO involved tak- 
ing the difference between two large num- 
bers. At 273 and 298 K significantly 
smaller amounts of physically adsorbed 
CO were observed. However, the data in 
Table 3 show that Ni(CO), formation is 
significant at 298 K but not at 273 K in 
agreement with previous work (19, 
39, 40). We therefore recommend 273 K 
as the optimum temperature for mea- 
suring CO adsorption on nickel, 

One additional comment should be made 
in regard to technique. It was apparent 
from our survey of the literature that some 
authors considered and corrected for 
chemisorption on the support while others 
did not. On SiO, we determined H2 and CO 
chemisorption to be negligible. As shown 
by the data in Table 1, Hz adsorption on 
A&O3 is very small; however, CO adsorp- 
tion on A&O, is quite significant. The data 
for H, and CO adsorption on A&O3 in Table 
1 are in very good agreement with previous 
work (39, 41). 

Effects of metal crystallite size and sup- 

port. Although a few of the previous 
workers considered the effects of metal 
crystallite size (32, 33-35) and metal-sup- 
port interactions (32) on CO adsorption 
their results were obviously in significant 
disagreement as to the qualitative nature 
of these effects; moreover, none of the pre- 
vious work provided a quantitative mea- 
sure of these effects on CO adsorption 
stoichiometry. For example, Yates and 
Garland (3 1) concluded from their ir and X- 
ray studies that CO is adsorbed as a single 
linear species with ir bands above 2000 
cm-’ on well-dispersed Ni/Al,O, and as a 
bridged species with ir bands below 2000 
cm-’ on poorly dispersed Ni/A1,03. How- 
ever, van Hardeveld and Hartog (33) sug- 
gested that for their Ni/SiOp catalysts, 
bands above 2000 cm-’ be assigned to high 
coordination characteristic of large crystal- 
lites and bands below 2000 cm-’ be as- 
signed to low coordination characteristic of 
edges, corners, etc., predominant in small 
crystallites, a conclusion exactly opposite 
to that of Yates and Garland. Primet et al. 
(3.5), on the other hand, concluded from 
their ir/magnetic data for Ni/SiO, catalysts 
that the fraction of linear and bridged sites 
is independent of metal crystallite size. 
Thus Yates and Garland (3/) predict de- 
creasing, van Hardeveld and Hartog (33) 
increasing, and F’rimet et al. (35) unchang- 
ing CO/Ni, ratios with increasing nickel 
crystallite size. 

The results of this study provide quanti- 
tative evidence that CO/N4 values de- 
crease with increasing nickel crystallite size 
for Ni/Al,O,. That is, assuming H/N& = 1, 
the CO/N& values for Ni/A1,03 range from 
1.9ford = 4.4nm(3% Ni/Al,O,) to0.8ford 
= 6.3 nm (23% Ni/A1,03) to 0.55 for d = 
2000 nm (100% Ni), as shown by data in 
Tables 1 and 2. Thus our results agree 
qualitatively with those of Yates and Gar- 
land (31); although on the basis of linear 
and bridged adsorption alone, their results 
would not predict CO/N& values above 1 .O. 

Even though a good correlation is evi- 
dent, one is not warranted in assuming that 
the changes in CO/N& stoichiometry are a 
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result only of changes in metal crystallite 
size, since CO/H and CO/NI, ratios can 
also be correlated with metal loading and 
extent of reduction to the metallic state. In 
other words, the changes in CO adsorption 
stoichiometry may also be affected by 
metal-support interactions. This will be 
discussed in some detail below. 

First, however, we wish to interpret the 
basis for the changes in CO/N& ratio as a 
function of particle size in the light of 
recent ir studies (35, 36). These along with 
other previous ir studies establish the pres- 
ence of four different kinds of adsorbed CO 
species on supported nickel: bridged or 
multicenter, linear, subcarbonyl, and CO 
adsorbed on Ni*+ or NiO. The characteris- 
tic structures and ir bands are summarized 
for these species in Table 4. Since the 
binding energy increases with decreasing 
wavenumber, the bridged species should be 
most strongly adsorbed and that on NiO 
least strongly held; indeed, this has also 
been confirmed by the earlier studies (35- 
36). 

We hypothesize that: 
(i) CO adsorbs principally as a subcar- 

bony1 species, Ni(CO),, where x = 2, 3, on 
very small, two-dimensional nickel crystal- 
lites. This hypothesis is supported by the 
large CO/Ni ratios observed for the well- 
dispersed, low-loading catalysts in this 
study and the observation of a band at 
2070-2090 cm-’ for well-dispersed nickel 
by several workers (3/, 33-36). This band 
is apparently not present for poorly dis- 
persed nickel (31, 33). Moreover, Ni(CO), 
is more easily formed in the case of these 
small particles (33). It is also reasonable 
that multiple adsorption would be facili- 
tated on small crystallites having a large 
fraction of high-coordination sites. In fact, 
recent studies (42, 43) have shown evi- 
dence for adsorption of subcarbonyl spe- 
cies on alumina-supported Rh catalysts 
having low metal loadings of small crystal- 
lites present in raftlike structures on the 
support. 

(ii) CO adsorbs on large, highly crystal- 
line, three-dimensional nickel crystallites in 

TABLE 4 

Surface CO Species Chemisorbed on Supported Ni and Their Assigned Infrared Bands” 

Infrared 
frequency 

(cm-‘) 

Species Site Strength of 
adsorption 

1960 Bridged: 

Ni(jNi 

Poorly dispersed, Very strong 
crystalline 

2030- 
2050 Linear: 

0 
C 
I 

Ni 

Moderately dispersed Ni Strong 

2065- 
2090 

0000 0 
Subcarbonyl: C,ji,C ‘\,,,C Well-dispersed Ni Weak to 

fairly strong 

2195 

0 
C 

Ni2+. I Partially reduced Weak 
NiO catalysts 

(2 Adapted from Refs. (3.5, 36). 
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the bridged or multicentered form. This 
hypothesis is well supported by our data for 
high-loading and unsupported nickel cata- 
lysts and by ir studies of supported nickel 
(31, 35, 36) and unsupported, single-crystal 
nickel (44). 

(iii) In moderately dispersed nickel cata- 
lysts, a combination of bridged, linear, and 
subcarbonyl adsorption is observed. As the 
dispersion is increased less bridged and 
more linear/subcarbonyl species are ob- 
served. This hypothesis accounts then for 
the increasing CO/Ni, ratio with decreasing 
particle size evident in Tables I and 2. 
These variations in CO/H ratio and 
strength of adsorption as a function of 
dispersion can have a significant impact on 
activity and selectivity (45). 

Although the above listed hypotheses 
have been discussed in terms of changes in 
metal crystallite size, it is evidently also 
possible to relate the changes in CO adsorp- 
tion stoichiometry to metal-support inter- 
actions, the importance of which varies 
with metal loading and the extent of which 
is related to the reducibility of the catalysts, 
i.e., extent of reduction to the metal. Thus 
at low metal loadings, a large fraction of the 
metal is in intimate contact with the sup- 
port, accounting for the relatively low ex- 
tent of reduction and the presence of small 
crystallites. Since these small metal parti- 
cles are in intimate, direct contact with the 
support their geometrical shape and elec- 
tronic properties may be markedly 
influenced by the strong metal-support in- 
teraction (42, 43, 45). This could result in 
a relatively weaker bond between CO and 
nickel, as observed in the ir studies of 
subcarbonyl species on small particles. In 
the case of high-loading catalysts, a smaller 
fraction of the nickel is in direct contact 
with the support and thus a larger fraction 
of the nickel is more easily reduced to 
three-dimensional crystals with a smaller 
degree of interaction with the support. The 
above explanation accounts for the correla- 
tion of CO/H with percentage reduction to 
the metal in Fig. 3. Moreover, the ambigu- 

ity of separating the effects of particle size 
and metal-support interactions on adsorp- 
tion properties is evident. 

Thus far we have considered only the 
adsorption on nickel metal crystallites. 
What about CO adsorption on the NP or 
NiO sites? If one molecule of CO adsorbed 
on each Ni2+ site, CO/H ratios would in- 
crease dramatically with decreasing extent 
of reduction, since hydrogen chemisorbs to 
a relatively small extent on NiO or Ni*+ 
compared to the metal (7). Such an effect 
could by itself explain the increasing 
CO/N& values with decreasing percentage 
reduction shown in Fig. 3. However, two 
separate pieces of experimental evidence 
suggest that the quantity of CO adsorbing 
on the unreduced sites in these catalysts 
was probably negligible relative to CO ad- 
sorption on the metal: (i) in this study CO 
adsorption on a sample of 3% Ni/Al,O, 
calcined in air at 573 K for 2 h was deter- 
mined to be the same within experimental 
error as on the support, and (ii) Primet et al. 
(35) observed that the peak at 2195 cm-’ 
corresponding to adsorption of CO on Ni*+ 
was observed only in samples with less 
than 5% of the nickel reduced to the ‘metal; 
moreover, the area of the peak at 2185 cm-’ 
for the sample having a degree of reduction 
of 5% was approximately 2 orders of mag- 
nitude smaller than the peak areas for CO 
adsorption of nickel metal. 

Brooks and Christopher (16) cited their 
large CO/H ratios for alumina-and zeolite- 
supported nickel as evidence that CO ad- 
sorbs selectively on Ni*+ or NiO. They 
recommend the use of a combination of CO 
and H2 adsorption with X-ray diffraction to 
determine surface Ni and Ni*+. The results 
of this study provide an alternative expla- 
nation for their large CO/H ratios, namely, 
subcarbonyl formation in their CO adsorp- 
tion measurements coupled with substan- 
tially less than monolayer H2 adsorption on 
reduced nickel at 525 K. Moreover, the 
application of their technique to the data in 
this study leads to altogether unreasonable 
values of percentage reduction and percent- 
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age dispersion, e.g., values of percentage 
reduction of 4, 10, and 28 for 0.5. 1, and 
2.9% Ni/A1203 and values of 31 and 34% 
for 2.7 and 15% Ni/SiO,, respectively. 
These values are unrealistically low for 
either Ni/Al,Os or Ni/SiOz catalysts and at 
significant variance with our 0, adsorption 
data. Consistent with their approach nickel 
metal dispersions for 2.7 and 15% Ni/Si02 
are calculated from Eq. (1) to be 120 and 
.50%, respectively. The former value is, of 
course, impossible, while the second value 
leads via Eq. (2) to an estimated average 
nickel crystallite diameter of 2.0 nm for 
15% Ni/SiOo, a factor of 5 lower than 
observed by X-ray diffraction and electron 
microscopy (see Table 2). In view of these 
problems, because the amount of CO ad- 
sorption on Ni2+ is apparently relatively 
small compared to adsorption on the metal 
and since the effects of different system 
variables such as temperature and pressure 
and of catalyst properties such as disper- 
sion, support, etc., on adsorption stoi- 
chiometry of CO on NP+ are unknown, the 
proposed technique of Brooks and Chris- 
topher is questionable. 

Effects ofpreparation. From the data in 
Tables 1 and 2 it is obvious that significant 
differences in adsorption properties are ob- 
served for catalysts of the same loading 
prepared by different techniques. Most no- 
tably the values of CO/H (hence values of 
CO/N&) are significantly larger for Ni/SiOP 
catalysts prepared by impregnation relative 
to those prepared by precipitation. The 
particle size distributions of the impreg- 
nated catalysts are significantly broader 
than those prepared by controlled pH pre- 
cipitation (21, 46). In other words there is 
probably a larger proportion of very small 
and very large particles in the impregnated 
catalysts, the very small ones contributing 
most significantly to larger values of CO 
adsorption and hence large CO/H ratios. 
However, in the case of alumina-supported 
nickel, the CO/H value for the precipitated 
2.9% Ni/A1203 is twice as large as that for 
the impregnated 3.0% Ni/A1,03, suggesting 
a larger proportion of small particles in the 

precipitated catalyst. The significant dif- 
ferences in CO/H ratio for the 3% cata- 
lysts on the alumina and silica supports 
prepared by impregnation and precipita- 
tion, respectively, illustrate the impor- 
tance of metal-support interactions in de- 
termining adsorption behavior. The 
precipitated Ni/Al,O, and Ni/SiOz cata- 
lysts evidence the behavior anticipated, 
assuming the nickel-alumina interaction 
to be stronger than that for nickel-silica 
(32) and hence the Ni-CO bond to be 
stronger in the latter case. 

CONCLUSIONS 

(i) Hydrogen adsorbs dissociatively on 
alumina-and silica-supported nickel at 298 
K with a stoichiometry of one hydrogen 
atom per nickel surface atom. This stoi- 
chiometry is apparently valid over wide 
ranges of dispersion and nickel loadings 
above 3 wt%. Hydrogen adsorption at 298 
K is recommended as a convenient, general 
technique for measuring nickel metal sur- 
face area in supported nickel catalysts. 

(ii) CO adsorption on nickel is considera- 
bly more complex, the stoichiometry vary- 
ing with temperature, metal dispersion, 
metal loading, and preparation. Although 
CO adsorption is not recommended as a 
technique to measure nickel surface area, it 
can be used as a probe to study particle size 
effects and metal-support interactions, 
since the adsorption stoichiometry is a sen- 
sitive measure of these effects. CO adsorp- 
tion at 273 K minimizes corrections neces- 
sary for physical adsorption, while avoiding 
Ni(C0)4 formation. 
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