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Kinetics and energetics of hydrogen adsorption on unsupported nickel and nickel supported on
silica, alumina, and titania were investigated by means of temperature-programmed desorption.
The number and population of adsorption states at moderate to low coverages and heats of adsorp-
tion were found to be strong functions of the support. Heats of adsorption ranged from approxi-
mately 85 kJ/mole on unsupported Ni and Ni/SiO, to 122 kJ/mole on Ni/Al,O,. In addition, hydro-
gen adsorption on Ni/Al,0, was found to be an activated process. Reduction of Ni/TiO, at high
temperatures (600-700°C) was observed to strongly suppress the adsorption of hydrogen and shift
the TPD spectrum to lower binding energies. Desorption spectra obtained using an N, carrier gas
were significantly different from those obtained using Ar or He carrier gases probably due to
competitive adsorption of N, on the nickel surface.

INTRODUCTION

Although effects of support on the ad-
sorption properties of nickel were reported
over 2 decades ago (/), there has been sig-
nificant emphasis on their study only during
the past 4-5 years. Several recent studies
(2-7) provide evidence that metal-support
interactions markedly influence H, and CO
adsorption properties of nickel. For exam-
ple, studies by Bartholomew et al. (3—4)
and Vannice et al. (2, 5) provide evidence
that CO adsorption stoichiometries are
greatly modified by strong metal-support
interactions in well-dispersed Ni/SiO, and
moderately dispersed Ni/Al,O; and Ni/TiO,
catalysts. Moreover, H, adsorption is sup-
pressed at low loadings in Ni/Al,O; and at
moderate loadings in Ni/TiO, (3). The stoi-
chiometry of O, adsorption is also different
on Ni/TiO, compared to Ni/SiO, and Ni/
AL O; (5). Finally, from temperature-pro-
grammed desorption (TPD) studies by Fal-
coner et al. (6, 7) the kinetics of CO and
CO, desorption as well as CO and CO, ad-
sorption states have been found to differ
greatly for Ni/Al,O; and Ni/SiO,.

TPD spectroscopy of catalysts is an out-
growth of flash desorption spectroscopy
originally developed for single crystal and
polycrystalline metals. The early applica-
tion of TPD to catalysts was described by
Cvetanovic and Amenomiya (8, 9), while
more recently developed techniques and re-
cent studies were reviewed by Falconer
and Schwarz (10). The quantitative applica-
tion of TPD to the study of H, desorption
kinetics on Ni/SiO, was recently demon-
strated by Lee and Schwarz (11).

While numerous previous TPD studies of
H, from single crystal nickel have been re-
ported (12), relatively few TPD studies of
hydrogen from supported nickel have been
published (11, 13,14), most of which fo-
cused on the Ni/SiO, system ({1, /4). At
the time this study was undertaken there
had been no previous systematic investiga-
tion of H, desorption from supported nickel
to determine effects of support. The pur-
pose of this investigation was therefore to
determine the effects of SiO,, Al,O;, and
TiO, supports on (i) the H, adsorption
states of nickel and (ii) the binding energy
of H, with nickel.
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EXPERIMENTAL

The 3% Ni/SiO,, 10% Ni/SiO,, 14% Ni/
Al,Os, and 10% Ni/TiO, catalysts were pre-
pared by aqueous impregnation of the sup-
port followed by oven drying and in situ
reduction in flowing H,. Details of the prep-
aration and characterization of these cata-
lysts were provided previously (3, 4, 15,
16). During reduction of these catalysts a
temperature ramp of 2°C/min to 200°C, a 2-
h hold, and 2°C/min ramp to 500°C with a
16-h hold were used (15). A 50 wt% Ni/SiO,
catalyst was supplied by Dr. J. L. Carter of
Exxon Research and Engineering; its prop-
erties are described by Lee and Schwarz
(11). Unsupported Ni powder (INCO) was
prepared by direct reduction of the nitrate
salt in flowing hydrogen using a tempera-
ture schedule similar to that given above
but with a maximum temperature of 400°C
to avoid sintering.

Ultrahigh purity N, (99.999%), Ar
(99.999%), and He (99.999%) from Linde
Division, Union Carbide, were passed
through a Matheson Gas purifier, heated Ni
and Cu traps and molecular sieve (Linde
Type 5A) to remove H,O and O, impurities.
Hydrogen (99.99%) was further purified by
passing through a Pt/Pd Deoxo unit and
molecular sieve (Linde Type 5A) traps.

The reactor consisted of a 6.4-mm o0.d./4-
mm i.d. quartz tube. Small, loosely packed
plugs of quartz wool were used to support
the catalyst in the tube. The reactor tube
was housed inside a tubular oven with a 14-
cm-long heated section which produced a
uniform temperature profile along the cata-
lyst bed. An unshielded Chromel-Alumel
thermocouple was placed in contact with
the oven wall in the annular space between
the oven and the reactor tube to provide
input signals for the temperature controller.
A second stainless-steel shielded Chromel—
Alumel thermocouple was placed inside the
reactor tube to measure the bed tempera-
ture. Oven temperature was controlled with
a programmable temperature controller de-
signed and constructed inhouse.

A Carle Instruments 6-port gas sampling
valve with 0.1-cm? sample loop was used to
inject pulses of 10% H, in Ar, N,, or He
into the carrier gas stream for adsorption on
the catalyst sample. Carrier gas flow rates
were controlled by two-stage regulators
and Brooks gas chromatograph flow-con-
trol valves. A Hewlett—Packard 5730A gas
chromatograph thermal conductivity detec-
tor (TCD) or a UTI 100C mass spectrome-
ter was used to analyze the H, concentra-
tion during adsorption and desorption
experiments.

Previously reduced and passivated cata-
lyst samples of 15 to 50 mg were loaded into
the reactor and heated slowly in H, to
500°C and held for 2 h. The reactor was
then cooled and the carrier gas was intro-
duced to the reactor. Approximately 1 h
was necessary to allow the TCD to stabilize
to a linear baseline following changes in
carrier gas. After the detector had stabi-
lized, several desorption runs were made to
stabilize the surface area of the catalyst and
thereby ensure reproducible desorption
spectra. Carrier gas flow rates of 20 to 45
cm?/min were used during adsorption and
desorption of H,. Temperature ramps of
33°C/min were used for all desorption runs.
Initial surface coverages of H, were varied
by changing the number of pulses injected
into the carrier gas; in some cases mixtures
of less than 10% H, were used to obtain low
initial coverages. The TCD analysis of H,
was checked by two methods: (i) experi-
ments in which no hydrogen was adsorbed
on catalysts resulted in no TCD signal and
(ii) the TPD spectrum for 50% Ni/SiO, was
reproduced well using the mass spectrome-
ter detector; only H, and the carrier gas
were detected by the mass spectrometer.
Baseline drift was reproducible and was
corrected for in the subsequent analysis of
the data.

The absence of pore diffusional effects,
sample measurement lag time, and concen-
tration gradients within each catalyst parti-
cle during the desorption rate measure-
ments was established according to the



criteria of Gorte (7). In addition, calcula-
tions were performed as suggested by Ibok
and Ollis (/8) which revealed no significant
intraparticle diffusion gradients to be
present under the conditions used in this
aetiidvy
study. Concentration nts in
tively thin beds (2—-8 mm) were small as in-
dicated by a lower than unity value (<1072)
of the rate of H, desorption relative to the
rate of flow leaving the cell. That is, since
the instantaneous addition of H, fo the gas
phase at the front, middle, or any other part
of the bed was slow relative to the gas flow
out of the cell, it follows that the concentra-
tion gradient across the bed was small (less
than 1%) at any instant during the experi-
ment. Further evidence of small concentra-
tion gradrema was that the peak tempera-
ture was relatively independent of flow rate
under the conditions of this study.

Heats of adsorption of H, on the Ni/SiO,
catalysts were determined using the
method of desorption rate isotherms (i0,
11, 19) with corrections for readsorption
according to Lee and Schwarz (/1). A se-
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ries of 6-10 desorption spectra were ob-
tained with initial coverages ranging from
10 to 100%. Initial coverage was defined as
in previous studies (/1, 19) as the ratio of
the area under the entire TPD curve at less
than saturation coverage to that at satura-
tion coverage. Desorption isotherms were
then plotted as In (desorption rate) versus

In(6/1 — 6) according to the equation
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where 6 is fractional coverage, F is the car-
rier gas flow rate in cm®/min, V; is the vol-
ume of solid catalyst, V,, the amount of H,
adsorbed at full coverage per unit volume
of solid catalyst (V,V,, is the amount of H,
adsorbed in cm®), B is the heating rate
(33°C/min in this study), v, and v, are fre-
quency factors for adsorption and desorp-
tion, R is the gas constant, T is the tempera-
ture in K, and AH, is the enthalpy of
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adsorption. At fixed values of coverage 6,
desorption rates and temperatures were ob-
tained from the desorption rate isotherms.
The rate—temperature data thus obtained
were then plotted in Arrhenius form. Heats
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values of coverage from the slopes of Ar-
rhenius plots.

Heats of adsorption were also estimated
from the temperature of the desorption rate
maximum as outlined for second order de-
sorption kinetics by Konvalinka and co-
workers (14, 20) llanD the relation
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where all variables are defined as in £q. (1)
and where T, is the temperature of peak
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maximum. The preexponential factor A*
was found from A* exp(AS°/R) where
AS° is the standard entropy of gaseous H,
at the temperature of the peak maximum
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(i4, 20).

RESULTS

Figures 1-7 show typical H, desorption
curves for each of the catalysts tested in
this study. The desorption spectra for un-
supported Ni powder and 3 and 10% NI/
Si0, catalysts in Ar carrier gas (Figs. 1-3)
are very similar in that they show only one
prominent desorption peak and similar

peak maximum temperatures. In contrast,
the desorntion snectra for 509 Ni/SiQ,

the desorption spectra % Ni/Si0Q,,
14% Ni/Al,O4, and 10% Ni/TiO, (Figs. 4-6)
in Ar carrier gas consist of two desorption
peaks.

The temperatures of the desorption peak
maxima following adsorption ai 25°C are
listed in Table 1. It is apparent that the de-
sorption curves are shifted to higher tem-
peratures when N, is used as the carrier gas
compared to He and Ar. Use of N, as a
carrier gas also resuits in the appearance of
two desorption peaks for 10% Ni/SiO, (see

Fig. 3). These effects were apparently due
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F16. 1. TPD spectrum for H, desorption from unsup-
ported nickel powder (25 cm¥min of argon carrier

gas).

to the change in carrier gas and were not
due to a change in carrier gas flow rate,
since a threefold variation in carrier gas
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Fi16. 2. Hydrogen TPD spectra for 3% Ni/SiO, at
different adsorption temperatures (30 cm’/min of argon
carrier gas).
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FiG. 3. Hydrogen TPD spectra for 10% Ni/SiO,: (a)
20 cm’/min argon carrier gas; (b) 45 cm*min N, carrier
gas.

flow rate produced negligible changes in
peak shape or in the location of desorption
peak maxima.

For a given carrier gas, the data in Table
1 provide evidence of significant shifts in
desorption peak temperatures with changes
in support. For example, there is clearly a
shift to higher peak temperature in the or-
der Ni/SiO,, Ni/TiO,, Ni/Al,03.

Figures 2, 5, and 7 show the TPD spectra
for 3% Ni/Si0,, 14% Ni/Al,O;, and 10%
Ni/TiO, as a function of the adsorption
temperature. Decreasing adsorption capac-

b. Ar Carrier Gas

a. He Carrier Gas

Desorption Rate
(Arbitrary Units)

o 50 100 150 200 250 300 350

Temperature (°C)

F1G. 4. Hydrogen TPD spectra for 50% Ni/SiO;: (2)
30 cm®/min argon carrier gas; (b) 30 cm*min He carrier
gas.
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FiG. 5. Hydrogen TPD spectra for 14% Ni/Al,O; at
different adsorption temperatures (20 cm*/min of Ar
carrier gas).

ity with increasing adsorption temperature
is evident for the Ni/Si0O, and Ni/TiO, cata-
lysts. However, the amount of H, adsorbed
on the Ni/Al,O; catalyst increases with in-
creasing temperature, the maximum ad-
sorption occurring between 100 and 150°C.
Using the approach of Schwarz et al. (10,
11) and the experimental method of Zow-
tiak and Bartholomew (2/) the activation
energy of adsorption was found to be 10 kJ/
mole for the Al,O;-supported catalyst and
approximately zero for the remaining cata-
lysts.

Reduction of the SiO,- and ALO;-sup-
ported catalysts at temperatures of 600 to
700°C for 1 h did not significantly sinter the
catalyst or change the desorption spectra
from those shown in Figs. 1-5. However,
the reduction temperature significantly in-
fluenced the spectral shape and area in the
case of the Ni/TiO, catalyst (See Figs. 6
and 7 and Table 2). Indeed, as the reduction
temperature was increased, peak area was
significantly decreased and the ratio of the
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F1G. 6. Hydrogen TPD spectra for 109% Ni/TiO, (20
cm’/min of Ar): (a) After reduction at 400°C; (b) After
successive reductions of 1 h each at 400, 500, 600, and
700°C; desorption rates are on the same scale for both
runs.

area of the low-temperature peak to that of
the high-temperature peak was increased
(Table 2). After reduction for 1 h at 600 or
700°C, the peak maximum was shifted to

DESORPTION RATE
{Arbitrary Units)

200
TEMPERATURE (°C)

300 400 500
F1G. 7. TPD spectra for H, adsorbed on 10% Ni/TiO,

at 25 and 100°C after high-temperature reduction at
600°C for 16 h (20 cm*min of Ar carrier gas).
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TABLE 1

H, Adsorption Uptakes and Temperatures of
Desorption Rate Maximum for
Temperature-Programmed Desorption of H,* from

Nickel Catalysts

Catalyst H, uptake® Temperatures
(umole/g) of desorption

rate maximum,

°C

Ar He N,
Unsupported Ni 5 135 — —
3% Ni/SiO, 100 135 175
10% Ni/Si0, 370 140 185
50% Ni/SiO, 800 145 145 200
10% Ni/TiO, 25 0.5 100 160
245 290
14% Ni/Al, O, 150 60 80
330 335

¢ After adsorption to saturation coverage at 25°C us-
ing the pulse-flow adsorption technique. Temp. in °C.

b Total H, uptake measured at 25°C by static, volu-
metric adsorption (Refs. (3, 15)).

lower temperature and the area of the high-
temperature peak was markedly reduced
(see Fig. 6). After reduction at 600°C for 16
h, only one low-temperature peak of rela-
tively low area was observed (see Fig. 7).
Desorption spectra for 50% Ni/SiO, were
obtained as a function of initial H, cover-

TABLE 2

Desorption Peak Maxima and Peak Areas for 10%
Ni/TiO; as a Function of Reduction Temperature
(20 cm3/min of Ar Carrier Gas)

Reduction®  Temperature of Peak areas Total peak area
temp peak maxima {Arbitrary units)  (Arbitrary units)
O C)

400 100 23 ©285
245 262
500 110 26 181
250 155
600 100 19 109
245 90
700 95 9b 75
200 66
¢ Sample was reduced successively in flowing H; for 1 h at the temper-

atures shown.
bA high degree of peak overlap inhibited accurate determination of
peak areas (see Fig. 6b).

age. Treatment of these data by the method
of desorption rate isotherms (10, 11, 19,
21) resulted in plots of In (rate) versus In[ 6/
(1 — 6)] having slopes of 2 over wide ranges
of temperature and coverage, characteristic
of a second-order desorption process. From
the desorption isotherms, rates were deter-
mined as a function of temperature at fixed
values of 8 and were plotted in Arrhenius
form. Heats of adsorption obtained from
the Arrhenius plots are shown in Fig. 8 as a
function of coverage. A value of 87 kJ/mole
was obtained at low coverage (0 = 0.10) in
the He carrier gas (100 kJ/mole in N, carrier
gas at 6 = 0.20). Similar runs involving the
10% Ni/Si0O, catalyst resulted in a heat of
adsorption of 88 kJ/mole at 6 = 0.20. Be-
cause of uncertainties in the shapes of the
nonlinear heats of adsorption versus cover-
age curves at 6 < 0.1-0.2, the data were not
extrapolated to zero coverage. Neverthe-
less, it is clear from the data in Fig. 8 that
the value of —AH, at 0 = 0.1-0.2 should be
within 2-10 kJ/mole of the value at zero
coverage.

Surface areas for the 3% Ni/SiO, were
too low to obtain accurate desorption iso-
therms at low coverages. Since the desorp-
tion of H, from either Ni/Al,O; or Ni/TiO,
involved overlapping peaks and was incom-
plete at 500°C (see Figs. 5 and 6) accurate
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Heat Of Hydrogen Adsorption
-]
o

I,
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4

0.50

0.40

50 P

0.0 0.10 0.30 0.60

Coverage

Fic. 8. Heats of hydrogen adsorption on 50% Ni/
SiO;, versus coverage: O, He carrier gas; A, N, carrier
gas.
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TABLE 3

Heats of Hydrogen Adsorption for Nickel Catalysts
Estimated #° from Desorption Peak Temperatures®

Catalyst T 0 ViV A*¢ Fh —AH,

cC) (X107%) (kJ/mole)
Unsupported Ni 135 048 0.010 17.33 25 87
3% Ni/SiO, 135 0.48 0.050 17.33 30 82
10% Ni/SiO; 140 048 0.11 18.10 45 82
50% Ni/SiO, 150 048 0.15 19.67 45 84
10% Ni/TiO; 245 048 0.10 39.80 20 108
100 048 0.010 1270 20 78
14% Ni/ALO3 330 049 0.10 67.57 20 125
60  0.48  0.0050 855 20 70

% Method of Konvalinka et al. (20).

5 Based on a heating rate of 33°C/min.

¢ Peak temperatures measured in Ar carrier gas {Table 1).

4 Temperature of desorption rate maximum.

¢ Fractional coverage at the maximum peak temperature.

/ The amount of H> adsorbed in cm?.

# The preexponential factor estimated from AS® (A* = explAS*R]).
Values of AS° of 31.00, 32.98, 34.53, and 35.79 at 300, 400, 500, and 600
K, respectively, were taken from Ref. (/4).

k Carrier gas flow rate in cm*/min.

 Heat of hydrogen adsorption in kJ/mole.

measurements of the surface coverage were
not possible. As a result, attempts to use
the desorption rate isotherm method on
these catalysts were unsuccessful. In addi-
tion, because the area under the TPD curve
was so sensitive to the thermal history of
the catalyst (i.e., reduction temperature
and time) it was not possible to obtain re-
producible quantitative results for Ni/TiO,.

Estimates of the heats of adsorption from
peak temperatures according to the method
of Konvalinka ef al. (20) are shown in Ta-
ble 3 for all of the catalysts tested. The
heats of adsorption range from a low of 82
kJ/mole for the Ni/SiO, catalyst to a high of
125 kJ/mole for the Ni/AlLO; catalyst.
Heats of adsorption estimated from peak
temperatures obtained in N, carrier gas
were generally 10—12% higher than the val-
ues shown in Table 3 for the Ar carrier gas.

DISCUSSION

Absence of Diffusional Limitations and
Shifts in Desorption Temperature

Quantitative evaluation of data from TPD
studies of supported catalysts requires that
transport effects be carefully considered.

Lee and Schwarz (//) concluded that there
were no intraparticle diffusion effects or ex-
ternal mass transfer effects using the identi-
cal 50% Ni/SiO, catalyst under nearly the
same flow conditions as existed in this
study. The excellent agreement of our heat
of adsorption data with theirs for this cata-
lyst (Table 4) strongly suggests that diffu-
sional and transport effects were likewise
absent in this study. Moreover, calcula-
tions based on criteria proposed by Gorte
(17) and Ibok and Ollis (/8) indicate that
intraparticle concentration gradients were
negligible under the conditions of this
study.

Rieck and Bell (22) modeled thermal de-
sorption in a porous catalyst bed as a series
of constant stirred tank reactors (CSTR)
connected in series. Evaluation of our TPD
experiments according to their model indi-
cates that the catalyst bed in most of our
experiments simulated a single CSTR. In a
few experiments involving very low surface
area catalysts and relatively long beds, the

TABLE 4
Heats of Adsorption of Hydrogen on Nickel
Surfaces
Surface —AH, Reference
(kJ/mole)
Ni(100) 97 26, 27
Ni(110) 85 26, 27
Ni(111) 90 26, 27
95
Ni(100) 96 29
Ni(110) 90 29
Ni(1t1) 96 29
Ni(110) 98 28
Ni(110)-a 96 25
-B 123 25
Polycrystalline Ni 83-100 12
24% Ni/SiO, 61, 85, 123 14
50% Ni/SiO, 89¢ 11
50% Ni/SiO, 87" This study
10% Ni/SiO, 88¢ This study

4 At zero coverage using desorption rate isotherms.

® At a coverage of 10% using desorption rate iso-
therms (see Fig. 8).

¢ At a coverage of 20% using desorption rate iso-
therms.
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system was better modeled by a series of
two or three CSTR reactors at most. The
model of Rieck and Bell predicts a small
shift in peak position for the latter case.
However, this shift is expected to be only a
few degrees centigrade.

While readsorption undoubtedly oc-
curred under the conditions of this study, it
was nevertheless taken into account, since
the method of desorption rate isotherms
used in this and earlier studies (/1, 21) as-
sumed that readsorption occurred freely.
Shifts in the desorption temperature due to
readsorption as predicted by Gorte (17) and
Herz et al. (23) were relatively small. In-
deed, the peak desorption temperatures for
unsupported Ni, 3% Ni/SiO,, and 10% Ni/
SiO, in the argon carrier were the same
within experimental error while that for
50% Ni/SiO, was only 5-10°C higher and
thus nearly the same (see Table 1). Finally,
the fact that heats of H, adsorption ob-
tained for the Ni/SiO, catalysts in this
study were in close agreement with those
determined in studies of polycrystalline and
single crystal nickel (12, 24--30) is further
indication that the data were obtained un-
der conditions free of mass transfer dis-
guises.

The heats of adsorption obtained by the
method of desorption rate isotherms vary
considerably with coverage, e.g., from 55
kIat @ = 0.4 to 87 kJ at ¢ = 0.1 for 50% Ni/
Si0, (see Fig. 8). Thus, the agreement be-
tween the heats of adsorption obtained for
10 and 50% in Ni/Si0O, from temperatures
of maximum desorption rate according to
Konvalinka et al. (14, 20) at a coverage of
approximately 50% and those obtained at
low coverage (# = 0.1 and 0.2) by the de-
sorption rate isotherm method is unex-
pected. Since heats of adsorption deter-
mined from peak temperatures are sensitive
to the assumed value of AS°, they are
probably more useful as qualitative esti-
mates for relative comparison among a
group of catalysts such as in Table 3 than as
quantitative numbers for comparison with
values determined by other methods.

Effects of Carrier Gas on H, Desorption
Kinetics

The data obtained in this study provide
evidence that desorption kinetics (i.e., TPD
peak shapes and position) and heats of ad-
sorption determined from TPD curves are
influenced by the choice of carrier gas (see
Table 1, Figs. 3 and 8). These effects (in-
creases in peak temperature and heat of ad-
sorption) were most evident in the runs in-
volving N, as a carrier gas while the kinetic
data obtained in Ar and He were the same
within experimental error (Table 1, Fig. 4).
Effects of inert gas diluents on the kinetics
of CO desorption from graphite were ob-
served by Brown et al. (31). These effects
were attributed to changes in the surface
diffusion process with changes in carrier
gas which could affect the surface transla-
tional entropy, frequency factor, and acti-
vation energy for surface migration (31).
The very close agreement of our results ob-
tained in Ar and He carriers suggests that
surface diffusional effects were not impor-
tant factors in our desorption experiments.
The effects observed in the case of the N,
carrier, are more likely due to the presence
of chemisorbed N, (12), which could con-
ceivably influence the hydrogen atom sur-
face diffusion, recombination, and desorp-
tion processes. Argon and helium, on the
other hand, should not be chemisorbed on
the surface.

Effects of Support on H, Adsorption

The data obtained in this study provide
evidence that catalyst supports can greatly
influence the adsorption states and desorp-
tion kinetics for hydrogen/nickel. For ex-
ample, H, desorption data for Ni/Al,O; and
Ni/TiO, (Table 1 and Figs. 5 and 6) reveal
the presence of two new principal adsorp-
tion states for H, at high temperatures com-
pared to one principal state for unsupported
nickel and Ni/SiO, (Figs. 1 and 2). Although
hydrogen adsorption on Ni/SiO, catalysts
(11) and single crystal nickel (25-30) typi-
cally involves a low activation barrier, the
results of this study show that adsorption of



H, on NI/A1203
vated. The results of this investigation also
provide evidence demonstrating that
metal-support interactions can increase the
strength of the hydrogen—nickel bond;
however, Lucy appcucuuy Suppress adouxp-
tion of hydrogen in the case of high-temper-
ature-reduced Ni/TiO,. Each of these phe-
nomena is discussed in more detail below.

New H, adsorption states on supported
nickei. The type and popuiation of H, ad-
sorption sites on Ni is apparently not a
strong function of the surface geometry

(1, 25—30) since the heats of adsorptlon of
H, on Ni (100), (110), and (111) at low cov-
erage (0 < 0.5) are the same (93 = 5 kJ/
mole) within experimental error (see Table
4) it should be llULCU, uu‘w"e'v'el, that r12
adsorbed on the (110) plane in the a-state
(—AH = 96 kJ/mole) can slowly transform
into a more strongly bound g-state (—AH =
123 kJ/mole) (14, 25). Based on the data
from this (Fig. 1 and Table 3) and previous
studies (12, 24, 32) hydrogen apparently
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nickel predominantly in the a-state with a
heat of adsorption of 85-100 kJ/mole. Ad-
sorption of H, on Ni/SiO, at low to moder-
ate coverages (6 = 0-0.5) also occurs prin-
cipally in the a-state (-AH = 82-50
kJ/mole) (see Figs. 2—4 and Table 4) over a
wide range of nickel loadings (3-50%). At
high coverages (8 = 1) obtained by cooling
in H, from 450°C the TPD spectrum is sig-
nificantly more complex and may involve
as many as 5-6 different adsorption states
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to 170 kJ/mole (14); unfortunately the as-
signment of different states in this case is
difficult and arbitrary. Moreover, the im-
portance of the very weakly bound states
{(—65°C) and strongly bound states (450-
475°C) (I4) in typical catalytic reactions is
questionable. Accordingly, the TPD data
obtained for the wa-state in this and a pre-
vious study (/1) are probably more perti-
nent to hydrogen adsorption on Ni/SiO, un-
der typical reaction conditions.

While hydrogen adsorption on Ni/SiO,

T £
uo

occurs mainly in the a-state as it does on
unsupported polycrystalline or single crys-
tal nickel, two new adsorption states at rel-
atively low (60-100°C) and high (245-
330°C) temperatures are observed in the
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Tables 1-3 and Figs. 5 and 6). These new
states have energies which are clearly dif-
ferent than the a-state of hydrogen bound
to unsupported Ni and Ni/SiO,. Indeed, the
high-temperature states for Ni/Ai,O; and
Ni/TiO,, which are clearly of interest in CO
hydrogenation involve binding energies
(—AH = 104-123 kJ/mole) more character-
istic of the B-state on Ni (110). These new
states may result from electronic modifica-
tions of small nickel crystallites present in

cn ool ceo sy PSR-

lllUbC bdldlyblb Wlllbll llll.Cl dli lllllllldlcly
with the support (33).

Activated H, adsorption. Adsorption of
hydrogen on nickel is generally assumed to
be nonactivated (i.e., to have a zero activa-
tion energy) (34). Indeed, Roberts (35) ob-
served an activation energy for adsorption of
H, on nickel wire of only 1.7 kJ/mole. More-
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over, the kinetics of adsorption/desorption
from H, on single crystal nickel (25-30) are
consistent with this assumption. This work
and that by Lee and Schwarz (//) show
that hydrogen adsorption on Ni/Si0O, is very
weakly activated; indeed, the amount ad-
sorbed decreases with increasing tempera-
ture (see Fig. 2) as would be expected if the
rates of adsorption and desorption were
close to equilibrium. However, the data of
this study show that H, adsorption on Ni/
= 1N
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kJ/mole). Indeed, the amount of H2 ad-
sorbed increases with increasing tempera-
ture from 25 to 200°C (see Fig. 5), indicating
that the rate of adsorption increases to a
greater extent than the rate of desorption
with increasing temperature. Previous stud-
ies have demonstrated that hydrogen ad-
sorption on cobalt is activated (36—-39), and
recent studies in this laboratory (21, 39)
have shown that the degree of activation is

strongly dependent on support and cobalt
metal loading.
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Suppression of H, adsorption on Nil
TiO,. Previous static adsorption studies (2—
5) demonstrated that H, adsorption is sup-
pressed at low loadings in Ni/Al,O; and at
moderate loadings in Ni/Ti0O,, the extent of
which is determined in part by reduction
temperature (3). TPD data obtained for Ni/
TiO, in this study (Table 2 and Figs. 6 and
7) show significant decreases in adsorption
capacity and a shift to lower desorption
peak temperature with increasing reduction
temperature.

Ko and Winston (40) investigated effects
of nickel metal loading and crystallite size
on the onset of strong metal support inter-
actions (SMSI) for Ni/TiO, systems. Using
suppression of H, chemisorption and eth-
ane hydrogenolysis as probes they reported
that SMSI did not occur until high reduc-
tion temperatures (e.g., >500°C) were
reached in the case of 5-10% Ni/TiO,. At
lower metal loadings, e.g., 2%, SMSI ef-
fects were observed at lower reduction
temperatures (e.g., 300°C). In the SMSI
state they observed that hydrogen chemi-
sorption and ethane hydrogenolysis were
significantly suppressed while X-ray dif-
fraction and electron microscopy revealed
no significant loss of metal surface area.

Our results are qualitatively in agree-
ment with those of Ko and Winston. In-
deed, we observed significant suppression
of H, adsorption on 3% Ni/TiO, at reduc-
tion temperatures lower than those for the
corresponding effects in 10% Ni/TiO,.
Moreover, our results clearly show a very
significant suppression of H, adsorption on
10% Ni/TiO, for reduction temperatures
above 500°C. In addition, our study pro-
vides new evidence that the SMSI state of
Ni on titania involves a much lower binding
energy for H; relative to the states observed
after low-temperature reduction. This is
consistent with recently obtained calori-
metric data (41) showing that the heat of
adsorption of H, on Ni/TiO, reduced at high
temperature is significantly lower than for
the same catalyst reduced at low tempera-
ture.

CONCLUSIONS

1. The number and relative occupancy of
hydrogen adsorption states at moderate to
low coverages and heats of adsorption of
hydrogen on nickel are affected signifi-
cantly by the support. For example, heats
of H, adsorption on unsupported Ni and Ni/
SiO, are about 90 kJ/mole whereas that for
H, on Ni/Al,O5 is 122 kJ/mole.

2. Hydrogen adsorption on Ni/Al,O; is an
activated process, i.e., the uptake increases
with increasing temperature and reaches a
maximum at a temperature of 100°C. Hy-
drogen adsorption on unsupported Ni, Ni/
Si0,, and Ni/TiO; involves a low activation
barrier, i.e., the adsorption process is rapid
and the amount adsorbed decreases with in-
creasing temperature.

3. Hydrogen adsorption on Ni/TiO, is
strongly suppressed by reduction at high
temperature. Moreover, there is a shift with
increasing reduction temperature in relative
occupancy from a high-temperature state to
a low-temperature state of lower binding
energy.

4. The presence of N, carrier gas alters
TPD spectra from those obtained using He
or Ar carrier gases, i.e., peak temperatures
and heats of adsorption are higher in N,
atmosphere. This effect may be due to ad-
sorption of N, on the nickel surface.
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