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The interactions of H,, CO, and CO, with a Cu/SiO, catalyst have been investigated using
temperature-programmed desorption spectroscopy. The heats of adsorption of H, and CO were
obtained from analysis of the experimentally observed spectra, and the activation energy for H,
adsorption was obtained from isothermal measurements of the adsorption rate. The heat of adsorp-
tion of H, increases from 10.1 to 13.8 kcal/mol for 0.07 = 6y = 0.26. The activation energy for
H, adsorption is 10.5 kcal/mol, and the activation energy for H, desorption increases from 20.6 to
24.3 kcal/mol for 0.07 = 8 = 0.26. The heat of adsorption of CO decreases with coverage from
16.4 to 12.5 kcal/mol for 0.01 = 8¢, = 0.18. The coverage by molecularly adsorbed CO, was below
the detectable limits for adsorption temperatures above 250 K. Evidence was found, however, for
a small amount of dissociatively adsorbed CO,. The present findings are in very good agreement

with recent studies on Cu single-crystal surfaces.

INTRODUCTION

The synthesis of methanol over copper-
containing catalysis has been demonstrated
to proceed via the reaction of adsorbed H,
and CO and/or CO, on the surface of Cu
crystallites (/—4). For this reason, knowl-
edge of the energetics of H,, CO, and CO,
adsorption on Cu is critical to developing
a fundamental understanding of methanol
synthesis. This paper reports the results of
measurements of the interactions of H,, CO,
and CQ, with Cu/SiO, by temperature-pro-
grammed desorption spectroscopy.

Numerous experimental and theoretical
studies have been reported concerning the
adsorption of H, on Cu (5-23). In contrast
to Group VIII metals, the dissociative ad-
sorption of H, on Cu is an activated process
due to the nearly full 3d band of this metal.
The activation energy for dissociative ad-
sorption has been reported to be between
14.3 and 17.0 kcal/mol for low-index Cu sur-
faces. Atomic hydrogen once formed binds
in three- and fourfold hollow sites. The heat
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of H, adsorption lies between 9 and 11 kcal/
mol for various forms of unsupported Cu.

CO adsorbs molecularly on Cu surfaces
without activation in linearly coordinated,
on-top positions (24—47). Relative to Group
VIII metals, the heat of adsorption of CO
on Cu is low, lying between 9 and 16 kcal/
mol for adsorption on bulk Cu. This charac-
teristic is also attributed to the nearly full
3d band of Cu.

CO, adsorption on Cu has been investi-
gated on both single-crystal (48-50) and
polycrystalline surfaces (57), and very re-
cently on silica-supported Cu (52, 53). The
coordination of CO, adsorbed on Cu sur-
faces is not generally agreed upon, although
most postulated geometries have at least
two of its atoms interacting with the surface
(52, 54). The heat of adsorption for molecu-
larly adsorbed CO, has been reported to lie
between 6.3 and 7.5 kcal/mol for Cu(100),
but values as high as 15 kcal/mol have been
reported for polycrystalline Cu. For Cu/
Si0O, the heat of adsorption for molecular
CO, has been estimated to be 6.9 kcal/mol
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(52). Evidence for dissociative adsorption
of CO, on single-crystal, polycrystalline,
and supported Cu has been observed (48,
50, 51, 55). The activation energy for the
process CO,, — CO, + O, has been esti-
mated to be 22 kcal/mol for Cu(100) (50)
and 10-17 kcal/mol for Cu(110) (56).

EXPERIMENTAL

Catalyst Preparation and
Characterization

The 8.7% Cu/SiO, catalyst used in this
study was prepared by ion exchange follow-
ing the procedure given in Ref. (57). One
liter of 0.21 M Cu(NO,), solution was
brought to pH 11 by the addition of aqueous
ammonium hydroxide. lon-exchange of
[Cu(NH;),)** ions with the silanol groups
of 30 g silica (Cab-O-Sil, Grade M-5, surface
area = 200 m®/g) took place at 298 K. The
resulting slurry was dried at 383 K for 16 h,
ground to 30-60 mesh size (246-600 um),
and calcined in air at 773 K for 5 h. Follow-
ing calcination, the catalyst was reduced for
12 h at 623 K in H, flowing at 40 cm*/min.

The weight loading of Cu was determined
by X-ray fluorescence. Inductively coupled
plasma emission spectroscopy (ICP) analy-
sis of the calcined Cu/SiO, showed trace
(<100 ppb) levels of Ca, Zn, and Fe in addi-
tion to 715 ppb Pb, 290 ppb K, and 1.1 ppm
Na. ICP analysis of reduced Cu/SiO, which
had undergone numerous CO exposures re-
vealed an increase in the Fe and Pb levels
to 340 and 1800 ppb, respectively.

The dispersion of Cu was determined fol-
lowing the procedure described in Ref. (58).
A sample of freshly reduced Cu/SiO, is ex-
posed for 5 min at 333 K to a flow of N,O
(20 cm?/min) to oxidize the surface of the
catalyst. At this temperature the oxidation
is mild enough to assure only surface oxida-
tion to Cu*'. The amount of oxygen ad-
sorbed, O,, is determined by CO titration
at 298 K in a 253 Torr flow of CO in He (60
cm?*/min). The amount of CO, evolved was
measured mass spectrometrically and the
number of exposed Cu atoms, Cu,, calcu-
lated assuming the stoichiometry O/Cu, =
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0.5(58, 59). Taking an average surface atom
density for the three lowest Miller index
planes of 1.47 x 10" Cu atoms/cm?® (58),
the Cu dispersion is determined to be 19%.

The size and morphology of the Cu parti-
cles were determined by transmission elec-
tron microscopy (TEM) on a JEOL 200CX
electron microscope operating with an ac-
celerating voltage of 200 keV. The electron
micrographs show that the Cu particles are
approximately circular in shape and range in
diameter from 2.0t0 5.0 nm, with an average
particle diameter of 2.9 nm. Assuming a
spherical geometry for the Cu particles and
fce packing, a Cu particle with a diameter
of 3.0 nm should have 16% of its atoms on
the surface. This value is consistent with
the dispersion of 19% determined by N,O
decomposition.

Apparatus

TPD experiments were carried out in a
tubular quartz reactor containing a 0.9-cm-
i.d. quartz frit to support the catalyst (60).
The reactor resides in a tubular furnace con-
nected to a programmable temperature con-
troller (Omega Series CN-2010), and can be
heated to 1000 K. The reactor is cooled to
subambient temperatures by passing liquid-
nitrogen-cooled gaseous N, through the an-
nular region between the microreactor and
the furnace. This arrangement allows the
reactor to be cooled to a minimum tempera-
ture of 110 K measured in the center of the
catalyst bed.

Gases were supplied to the reactor from
a gas manifold. The flow rate of each gas was
controlled by either a mass flow controller
(Tylan FC-280) or a needle valve and a roto-
meter (Fischer and Porter Model
10A3665A). CO (Matheson UHP 99.9%
minimum) was purified using Oxysorb (All-
tech) for O, removal, Ascarite (Thomas Sci-
entific) for CO, removal, molecular sieve
(Linde 13X) for H,O and CO, removal and
glass beads heated to 573 K for metal car-
bonyl removal. CO, (Matheson 4.19% CO,/
UHP He) was used directly from the cylin-
der without further purification. H, (Mathe-
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son UHP, 99.999% minimum) was purified
by passage through a De-Oxo catalytic hy-
drogen purifier (Engelhard Industries) to
convert any oxygen impurity to water. The
water was then removed by a molecular
sieve (Linde 13X) trap immersed in liquid
N,. He (Matheson UHP, 99.999% mini-
mum) was further purified by passage
through an oxygen adsorbent (Alltech) fol-
lowed by a bed of molecular sieve (Linde
13X) immersed in liquid N,.

The desorbing gases were analyzed by an
on-line quadrupole mass spectrometer (UTI
Model 100C). A portion of the effluent from
the reactor, or the reactor bypass, was intro-
duced through a variable leak valve (Gran-
ville-Philips Series 203) into the vacuum
chamber containing the mass spectrometer.
Data from the mass spectrometer were ac-
quired by a personal computer (Fountain
PC/XT).

Procedure

A typical TPD/TPRS experiment was ini-
tiated by He purging of ~0.1 g 30/60 mesh
Cu/Si0, at 573 K followed by evacuation to
30 mTorr, to remove any H,O remaining
after reduction of the catalyst. The tempera-
ture was then lowered to the desired adsorp-
tion temperature while still under flowing
He. Adsorption of H,, CO, or CO, was ac-
complished by flowing the adsorbate over
the catalyst for 5 min at a flow rate of 20
cm?/min. While still at the adsorption tem-
perature, the reactor was purged with flow-
ing He (80 cm?/min) for 5 min, after which
it was evacuated to 30 mTorr. More than
one purge/pump cycle was often necessary
to achieve a vacuum of 30 mTorr following
the adsorption of CO at the lowest adsorp-
tion temperatures. The coadsorption experi-
ments involved sequential doses of 5 min
duration of H, and CO. The same purge/
pump cycles were carried out after each ad-
sorption. Subsequent to the final evacua-
tion, a He flow of 40 cm*/min was passed
through the reactor and data acquisition was
initiated. Once a steady baseline for the
monitored masses was achieved, tempera-
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FiG. 1. TPD spectra of H, desorption from Cu/SiO,.
The legend indicates the initial coverage by atomic H
after 5 min of exposure to 1 atm of H, at the specified
adsorption temperature followed by evacuation.

ture programming was begun at a rate of 10
K/min.

RESULTS AND DISCUSSION
H, Adsorption

The TPD spectra of H, adsorbed on Cu/
SiO, are shown in Fig. 1, and the uptake of
H, as a function of adsorption temperature
is given in Fig. 2. The indicated coverages
are defined as the number of hydrogen
atoms per surface Cu atom. Hydrogen ad-
sorption at 113 K on SiO, reduced in 40 cm?/
min H, for 12 h at 623 K results in a small
low-temperature desorption peak. The indi-
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F1G. 2. Initial coverage of Cu by atomic H following
5 min of exposure to 1 atm of H, at the indicated adsorp-
tion temperature and subsequent evacuation.
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cated coverages, 6, have been corrected
for the small amount of H, adsorbed on the
Si0O,.

Figure 2 shows that for a fixed adsorption
time, the amount of adsorbed H, increases
and decreases with temperature so as to pro-
duce three peaks. This pattern was obtained
reproducibly and suggests that there may be
as many as three adsorption states, each
characterized by a different activation en-
ergy of adsorption and desorption. The ori-
gin of the two peaks observed below 200 K
is unclear, but may be due to H, adsorption
on defect sites of high coordination. The
maximum uptake of H, is 0.33 ML at 253
K. This magnitude is somewhat smaller than
the value of 8y = 0.5 observed for H, ad-
sorption at 190 K on the (100), (110), and
(111) surfaces of Cu (21).

The heat adsorption for H, on Cu/SiO,
was determined by the method of desorp-
tion-rate isotherms (6/), modified to account
for the effects of equilibrium readsorption
(62). During a TPD experiment the rates of
adsorption and desorption are assumed to
be equal and described by Langmuir-Hin-
shelwood kinetics for a mobile adsorbed
layer. Neglecting spatial variations in the
gas-phase concentration, the following ex-
pression for the desorption rate results:

Inry = In{Qvy/ma B} — q/RT
+ nln{f,/(1 = 6" (1)

Here g, is the isosteric heat of adsorption,
rqis the rate of desorption, o is the Cu metal
area, m is the number of moles of Cu avail-
able for adsorption per unit area, 6 is the
number of hydrogen atoms adsorbed per
surface Cu atom, Q is the volumetric flow
rate of the carrier gas, p and »n are the orders
of adsorption and desorption, respectively,
and v, and v, are the preexponential factors
for adsorption and desorption, respectively.

Plots of In(ry) versus In{8,/(1 — 6,,)"""} at
constant temperature were constructed by
taking vertical cuts through the desorption
spectra in Fig. 1. The data plotted in this
fashion appear as straight lines with an aver-
age slope of 2.03, consistent with the as-
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Fi16. 3. Coverage dependence of the heat of adsorp-
tion of H, on Cu/SiO,.

sumption of second-order adsorption and
desorption kinetics (i.e., n = p = 2). In the
second step of the data analysis, lines of
In(ry) versus I/T at constant coverage are
constructed by taking the intersection of a
line of constant coverage with the isother-
mal plots of In(ry) versus In[6,/(1 — 6,)].
The slope of the lines of In(ry) versus 1/7T is
equal to -g¢g,/R.

Figure 3 shows a plot of ¢, versus 6.
The magnitude of g rises from 10.1 kcal/
mol at 8,; = 0.072 to 13.8 kcal/mol at ¢ =
0.26. As seen from Table 1, the observed
range of values for g, agrees well with the
values reported in the literature for unsup-
ported Cu.

The activation energy for adsorption of
H, on Cu/SiO, was determined from mea-
surements of the initial rates of adsorption.
A stream of H, was passed over the catalyst

TABLE 1

H, Heats of Adsorption

Surface . Coverage Ref.
{kcal/mol)

Cu(31hy 9.0-10.0 — (23)
Cu film 13.0 Low (12)
10.0 High (12)
Cu Powder 10.0 Low (13)
11.4 Low (14)
10.4 High (14)

B.7% Cu/SiO, 10.1-13.8 0.070 < 6 = 0.26 This study
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F1G. 4. Uptake of H, as a function of time of exposure
to 1 atm H, at the indicated adsorption temperature
and subsequent evacuation.

for a fixed period of time and the uptake
measured by TPD. Temperatures and expo-
sure times were chosen to give conditions
far from equilibrium. Figure 4 shows plots
of the coverage as a function of time of expo-
sure to H,. The rate of H, adsorption was
determined from the initial slope of the
curves. An Arrhenius form of the rate con-
stant was assumed and the activation energy
of adsorption calculated from

Py, = v,(1 — 8 exp(—E,/RT), (2)

where P,,, is the probability for dissociative
adsorption of H,, v, is the preexponential
factor, and E, is the activation energy for
adsorption. A value for v, of 10°%=016 H,
molecule adsorbed per H, collision with the
surface was taken from the work of Camp-
bell and Campbell (20) on Cu(110). Fitting
Eq. (2) to the initial rates of adsorption
yields activation energies for adsorption of
9.4, 10.5, and 11.5 kcal/mol for adsorption
temperatures of 173, 193, and 223 K, respec-
tively. Table 2 shows that the average value
of E, = 10.5 kcal/mol obtained from the
present experiments is somewhat smaller
than that previously reported for low-index
planes of Cu (5, 20-22) but much closer
to the values of E, measured recently for
Cu(100) (23). We believe that the lower val-
ues of E, measured for supported Cu crys-
tallites may reflect the presence of high-in-
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TABLE 2

Activation Energy for H, Adsorption

Surface E, Coverage Ref.
(kcal/mole}

Cu(lll) 17.0 — 21
Cu(110) 14.3 0.1 < #y < 0.45 (20)
15.3 — (22)
17.0 — 2D
Cu(100) 17.0 — @2n
11.4 0.05 < Ay < 0.65 23)

8.7% Cu/Si0,  9.4-11.5 — This study

dex facets on such particles. In a recent
infrared study of CO adsorbed on Cu/Si0,,
Clark et al. (52) noted that the proportions
of CO adsorbed on low- and high-index
planes are roughly equivalent. Consistent
with this reasoning, Gregory er al. (63) have
concluded on the basis of quantum chemical
calculations that Cu(311) surfaces should be
significantly more active for the dissociation
of H, than Cu(100), Cu(110), or Cu(i11).

An estimate for the activation energy of
desorption can be obtained from the relation
E, = E, + g,. Using the low coverage heat
of adsorption of 10.1 kcal/mol and an activa-
tion energy of adsorption of 10.5 Kcal/mol
for Cu/SiQ,, the activation energy for de-
sorption is calculated to be 20.6 kcal/mol.
Table 3 shows that this value is in very good
agreement with the values reported in the
literature for bulk Cu.

CO Adsorption and Desorption

The TPD spectra of CO adsorbed on Cu/
Si0, are shown in Fig. 5, and the uptake of

TABLE 3

Activation Energy for H, Desorption

Surface E Coverage Ref.
(kcal/mol)

Cu(lt) 20.0 Oy = 0.2 2h

17.0 0.2 < 0,; < 0.35 20

Cu(110) 14.0-23.0 0.1 = 8, = 0.30 2n

Cu film 20.0 Low (43}

Cu ppt 20.0 — 30)

1% Cu/SiO, 20.0 — (30)
8.7% Cu/8i0, 20.6-24.3  0.07 < 6, < 0.26 This study
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F1G. 5. TPD spectra of CO desorption from Cu/SiO;.
The legend indicates the initial coverage by CO after
S min of exposure to | atm of CO at the specified
adsorption temperature followed by evacuation.

CO as a function of adsorption temperature
is given in Fig. 6. The indicated values of 6,
are defined as the number of CO molecules
adsorbed per surface Cu atom. These cover-
ages correspond to CO desorbing from Cu
only, that originating from SiO, having been
subtracted out. The TPD spectra in Fig. 5,
however, include the contribution from the
SiO,. Studies of CO adsorption on reduced
Si0, indicate that CO occupies a physically
adsorbed state below adsorption tempera-
tures of 133 K. This weakly adsorbed CO
accounts for approximately 0.25 and 0.10 of
the initial desorption peaks for CO adsorbed

T.m K)

F16. 6. Initial coverage of Cu by CO following 5 min
of exposure to 1 atm of CO at the indicated adsorption
temperature and subsequent evacuation.
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at 113 and 133 K, respectively. The total
amount of CO adsorbed on SiO, decreases
by afactor of [0 on increasing the adsorption
temperature from 113 to 133 K. The CO
desorbs from SiO, in a single symmetric
peak coincident with the initial desorption
of CO from the Cu crystallites.

The method of desorption rate isotherms
could not be used to determine the heat of
adsorption for CO on Cu/SiO, due to the
lack of desorption spectra displaying peaks
from a single distinct desorption state. In-
stead, the heat of adsorption was calculated
from the desorption-peak maximum temper-
ature by using the method of Scholten and
Kovalinka (64, 65), which accounts for the
effects of equilibrium readsorption. During
a TPD experiment the rates of adsorption
and desorption are assumed to be equal and
described by Langmuir-Hinshelwood Kki-
netics for a mobile adsorbate layer. In the
absence of concentration gradients in the
reactor, the heat of adsorption can be deter-
mined from

2InT, - Ing8 = AH,,/RT,
+1In{(1 — 8,2V, V,AH,J(FRA®)},  (3)

where AH,, is the enthalpy of adsorption
equal to —gq,, 6, the adsorbate coverage
at the desorption peak maximum, V. the
volume of the catalyst in the bed, V,, the
number of moles of metal available for ad-
sorption per unit volume catalyst, F the mo-
lar flow rate of the carrier gas, and A* the
preexponential factor of the desorption
equilibrium constant (viz., A* = exp(AS/
R)).

It is assumed implicitly in Eq. (3) is that
A* is temperature independent. As de-
scribed in detail in Ref. (65), however, the
temperature dependence of the entropy may
have a pronounced effect on the shape of
the desorption spectrum. To account for the
temperature dependence of A* explicitly, an
expression was derived using the statistical
mechanical definition of the equilibrium
constant, K, for adsorption (66),

Koy = KoT 'exp(U,q,/RT), )
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where K, is the temperature-independent
portion of K, U,y is the differential energy
of adsorption (i.e., the potential energy in
the vibrational ground state which is equal
to(RT + g.,)). and r the value of the power-
law temperature dependence of K., . The
term (K,7°") is related to A* in Eq. (3)
through the relation 1/A* = (K,77"). As-
suming CO adsorption on Cu obeys a Lang-
muir isotherm, the absence of concentration
gradients in the gas phase, equilibrium read-
sorption and Langmuir-Hinshelwood kinet-
ics of adsorption and desorption, an expres-
sion similar to Eq. (3) can be derived which
takes into account the temperature depen-
dence of the entropy. The final result is
given by (67)

rinT, - InB = U /RT,
+ In{N,o mky(1 — 6,)°K,U,4/O}  (5)
“Infr + Ung/RT,}.

where Q is the volumetric carrier gas flow
rate, N, is Avogadro’s number, and Ay is
the Boltzmann constant. K, and r can be
determined through evaluation of the parti-
tion functions for CO in the gas and Cu
phases. Over the temperature range of inter-
est (280-335 K), the values of r and K, are
7/2 and 2.19-9.66 x 10" ° cm? K”> dyne ',
respectively.

Application of Eq. (5) to the low coverage
desorption spectra of Fig. 5 results in heats
of adsorption of 12.5, 13.7, 15.1, and 16.5
kcal/mol for adsorption temperatures of
223, 253, 298, and 333 K, respectively.
Since, as shown in Fig. 6, the coverage of
CO decreases monotonically with increas-
ing adsorption temperature, the observed
increase in the heat of adsorption with in-
creasing temperature can be attributed to
the decrease in 6. Table 4 compares these
values with those for CO adsorbed at low
coverages (8.5 < 0.3) on precipitated Cu
(29), Cu/Si0, (30, 31), and the (100), (110),
(311), and (211) planes of Cu (26, 27, 33,
40, 41, 68, 69). The results of the present
investigation are seen to agree quite well
with those reported earlier.

The maximum CO coverages obtained at

233
TABLE 4
Heat of Adsorption for CO
Surface 4y Coverage Ref.
(kcal/mol)
Cu(100) 16.5 B < 0.1 41)
14.0 0.1 < 0 = 0.5 (41
1.0 B0 =05 41
160 B < 0.15 (26)
12.7 0.15 = 8¢, = 0.35 (26)
11.0 B = 0.5 (26)
14.5 Low (68)
Cu(111) 10.8 0o = 0.33 (42)
Cu(110) 14.3 O < 0.5 (27)
129 80 <03 (40)
0.0 fo =04 (40}
Cu(311) 14.3 Beo < 0.33 (33)
Cu21h) 14.6 Low (69}
Cu film 9.5-10.0 — (42)
9.0 — (72)
Cu ppt 16.0 Low (30)
9.0-10  High 30)
9.5% Cu/Si0O, 10.7 Bea < 0.1 (3N
6.0 0.2 < 6o = 0.5 30
192 Cu/S8i102 9.0-10 High (30)
8.7% Cu/SiO2  16.5-12.5 0.01 = 6, < 0.18 This study

113and 133 K are 0.64 and 0.56, respectively
(see Fig. 5). These values agree closely with
those reported by Pritchard (28) based on
LEED and surface potential studies of CO
adsorbed on the (100), (110), and (311) sur-
faces of Cu. On Cu(100) linearly adsorbed
CO forms a (2 X 2) structure at 8cn =
0.5 which at higher coverages undergoes a
compression in the [011] direction, resulting
in 8-, = 0.58. Upon compression, % of the
CO molecules remain in the linear sites and
account for the observed infrared band,
while §{ relax to occupy bridge sites. IR
bands corresponding to CO adsorbed in the
bridge sites have not been observed. Similar
work on the (110) and (311) surfaces shows
that the (110) plane forms an initial p(2 x 1)
structure at o = 0.5. At higher coverages,
however, CO forms compression structures
which are no longer simply related to the
substrate. CO adsorbed on Cu(110) at 110
K is also compressed at higher coverages
to give a ¢(1.3 x 2) structure at -, = 0.58.

H, and CO Sequential Adsorption

TPD spectra were acquired for the de-
sorption of H, from a Cu/SiO, catalyst fol-
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lowing the sequential adsorption of H, and
then CO. As described in the Experimental
section, H, was adsorbed first for S min at
a fixed temperature. The sample was then
purged with He and pumped to 30 mTorr
and subsequently exposed for 5 min to CO.
The uptake of H, as a function of adsorption
temperature is given in Fig. 7 for both H,
adsorbed alone and following the sequential
adsorption of H, and CO. The correspond-
ing plots for CO adsorbed alone and follow-
ing H, adsorption are shown in Fig. 8. It is
evident from these figures that the adsorp-
tion of CO displaces hydrogen from the Cu
surface and that the presence of hydrogen
inhibits the adsorption of CO.

Sequential adsorption studies in which
the order of exposure of the catalyst to
CO and H, was reversed showed a strong
influence of the adsorbate coverage with
order of adsorption. Relative to CO expo-
sure to preadsorbed H,, exposure of the
catalyst to CO followed by exposure to
H, at 113 K resulted in a decrease in 6y
from 0.058 to 0.023 and a decrease in 6
from 0.468 to 0.350. Similarly, sequential
exposure to CO followed by H, at 253 K
resulted in a decrease in 6y from 0.216 to
0.092 and a very small change in 6., from

0.00
100 150 200 250 300 ise

'I'.d!(K)

F1G. 7. Initial coverage of Cu by atomic H following
5 min of exposure to | atm of H, at the indicated adsorp-
tion temperature (@) and following the subsequent ex-
posure to | atm CO (O). Also shown is the coverage
of atomic H following the exposure of the catalyst to
1 atm of CO and subsequent exposure for S min to |
atm of H, (). Weakly held adsorbate is removed by
evacuation after each gas exposure.
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Fi1G. 8. Initial coverage of Cu by CO following 5 min
of exposure to 1 atm of CO at the indicated adsorption
temperature (@) and following the subsequent expo-
sure to | atm H, (O). Also shown is the coverage by
CO following the exposure of the catalyst to 1 atm of
H, for S min and subsequent exposure to CO (R).
Weakly held adsorbate is removed by evacuation after
each gas exposure.

0.059 to 0.070 relative to the reverse ad-
sorption order. These data points are also
shown in Figs. 7 and 8.

It is evident from Figs. 7 and 8 that even
small amounts of preadsorbed H, have a
significant effect on the adsorption capacity
of Cu for CO, and that CO adsorption causes
a moderate decrease in the amount of ad-
sorbed H,. Since the sum of 6y and 6,
is well under a monolayer in all cases, the
effects of adsorbed CO on preadsorbed H,
can be attributed to H-CO through-metal
interactions. As interpreted by the bond-
order-conservation-Morse-potential ap-
proach, such interactions result in a mutual
weakening of both adsorbates (70). Since
the heats of adsorption of H, and CO are
comparable for Cu, the adsorption of both
molecules would be expected to be affected,
in contrast to what is observed for transition
metals for which the heat of adsorption of
CO is significantly larger than that for H,,
so that only the adsorption of H, is affected
(71). The strong influence of preadsorbed
CO on the adsorption of H, can be attributed
to blockage of sites at which the dissociation
of H, can occur. Because the uptake of H,
in this case is small, the effect of H, adsorp-
tion on the quantity of adsorbed CO is small.
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F1G. 9. TPD spectra of CO, desorption from Cu/SiO,
The legend indicates the number of micromoles of CO,
adsorbed per gram of catalyst following exposure for
S min to 32 Torr of CO, at the indicated temprature.

CO, Adsorption and Desorption

TPD spectra of CO, adsorbed on freshly
reduced Cu/Si0O, are shown in Fig. 9. The
adsorption temperatures and coverages are
indicated adjacent to each desorption spec-
trum. The coverage is defined as the number
of CO, molecules adsorbed per gram cata-
lyst, as CO, readily adsorbs on both compo-
nents of the catalyst (52). For adsorption
temperatures below 193 K CO, desorbs im-
mediately upon heating to give a single sym-
metric desorption peak at ~200 K. This
peak is attributable to condensed CO,, for
which the sublimation temperature is 200
K. At higher adsorption temperatures, the
amount of CO, adsorbed decreases dramati-
cally, and at 296 K only a very small amount
of irreversibly adsorbed CO, is observed.
The desorption of CO was not observed for
any of the conditions studied. However, re-
duction of the catalyst with CO following
CO, TPD indicates surface oxygen cover-
ages of 17%, 6.6%, and <1% for CO, ad-
sorption at 173, 223, and 296 K, respec-
tively.

The results reported here closely agree
with those reported recently by Clarke ez
al. (52). By in situ infrared spectroscopy,
these authors observed that exposure of a
Cu/Si0, catalyst to 150 Torr CO, at 303 K
resulted in the adsorption of 0.05 of a mono-
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layer of CO, on the surface of the Cu parti-
cles. Purging the gas phase reduced the CO,
coverage to 0.006. The heat of adsorption
of CO, was estimated to be 6.9 kcal/mol.
During CO, exposure a portion of the ad-
sorbed CO, was found to undergo dissocia-
tion to CO, and O,. The coverage of ad-
sorbed CO reached a maximum coverage of
about 0.001 after about 3 min of CO, expo-
sure, and then slowly decreased. In the light
of these results, it is not surprising that little
evidence was seen in the present study for
either adsorbed CO, or the products of CO,
dissociation after exposure of the catalyst
to CO, at 296 K.

CONCLUSIONS

The adsorption of H, on Cu/SiO, is an
activated process. Studies of H, uptake ver-
sus temperature suggest that there may be
as many as three adsorption states and that
the maximum coverage of adsorbed H is
0.33. The activation energy for adsorption
is estimated to be 10.5 kcal/mol. The value
is lower than that observed for low-index
facets of Cu, suggesting that H, adsorption
may occur preferentially on high-index fac-
ets. The heat of adsorption of H, increases
with increasing coverage from 10.1 to 13.8
kcal/mol for 0.07 < 8,; = 0.26 and over the
same range of coverages the activation en-
ergy for desorption increases from 20.6 to
24.3 kcal/mol. The observed values of the
heat of adsorption and the activation energy
for desorption are in agreement with mea-
surements of these parameters for low-in-
dex facets of Cu single crystals and poly-
crystalline Cu.

The adsorption of CO on Cu/SiO, is not
activated, and, hence, the uptake of CO de-
creases with increasing temperature. The
heat of adsorption of CO is found to de-
crease with increasing CO coverage from
16.4 to 12.5 kcal/mol for 0.01 = 0.5 = 0.18.
These values, together with the observation
of maximum CO coverages of 0.64 and 0.56
at 113 and 133 K, respectively, are in good
agreement with measurements made for
low-index facets of Cu.
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Sequential adsorption of H, and CO indi-
cates that the uptake of each gas is strongly
influenced by the sequence of gas adsorp-
tion. A mutual weakening of the strength of
adsorbate interaction with Cu is observed,
which is attributed to H-CO through-metal
interactions.

Multilayer adsorption of CO, is observed
for adsorption temperatures below 193 K,
and the amount of irreversibly adsorbed
CO, decreases very rapidly as the tempera-
ture increases to 296 K. While the amounts
of CO, adsorbed at near ambient tempera-
tures were below the detectable limits, evi-
dence was found for dissociative CO, ad-
sorption. These findings are consistent with
recent infrared studies indicating that CO,
interacts very weakly with Cu/SiO,.
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