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The chemisorption of oxygen and carbon monoxide has been employed to determine the copper
metal surface areas of Cu/ZnO methanol synthesis catalysts in the compositional range Cu/ZnO =
0/100 to 100/0. The total, reversible, and irreversible adsorption capacities for oxygen and carbon
monoxide have been measured at 78 and 293 K, respectively. The reversible CO capacities show
good linearity with the irreversible O, capacities and lie on a line connecting the capacity for pure
copper with that, at zero intercept, of pure zinc oxide. Thus, the crystalline copper surface areas in
these biphase catalysts have been cvaluated from the specific irreversible adsorption of O, on pure
copper having surface stoichiometry Cu: O = 2:1. The reversible CO chemisorption also is a
measure of the copper metal surface area but irreversible CO chemisorption is associated with
defect sites, attributed to nonmetallic copper species in zinc oxide. A critical comparison with
another traditionally employed method, N,O decompositive chemisorption, shows that the low
temperature adsorption of O, is the preferred, reliable technique for the determination of crystalline

copper surface areas. © 1986 Academic Press, Inc.

INTRODUCTION

Several techniques have been developed
and applied to the evaluation of specific
metal surface areas in supported metal cat-
alysts (/). Of these methods, chemisorption
from the gas phase is by far the most exten-
sively utilized with carbon monoxide (2-
10), hydrogen (3, 4, 11, 12), and oxygen (4,
13-15) being the more frequently used ad-
sorbates, but nitrous oxide decomposition
(16-19) and hydrogen—oxygen titrations
(20, 21) have also been used. The tech-
niques require, however, that the adsorbate
form a chemisorbed monolayer and that a
simple stoichiometric relationship exist be-
tween the number of molecules and the
number of surface atoms. This is not al-
ways the case as adsorption stoichiometry
can be particle size dependent (3, 27), ki-

! Present address: Air Products & Chemicals, Inc.,
P.O. Box 538, Allentown, Pa. 18105.

netically restricted to submonolayers, or
complicated by the diffusion of the adsor-
bate into subsurface layers.

One of the key questions in the mecha-
nism of methanol synthesis from carbon
monoxide and hydrogen has been associ-
ated with the relative role of the catalyst
components. Historically, the successful
catalysts for methanol synthesis utilized
zinc oxide, ZnO (22). The additions of
chromia, Cr,0O;, or alumina, Al,Os, to the
zinc oxide-based catalysts were found to be
beneficial as supports for extending catalyst
life as promoters to enhance the catalytic
activity for synthesis of methanol. These
catalysts operate at high pressures (>20
MPa) and temperatures (573-623 K), how-
ever. The further addition of copper oxide
to these catalysts resulted in much higher
methanol synthesis activity at lower pres-
sures (2—10 MPa) and temperatures (523 K)
than observed with the pure components
only, or with the ZnO/Cr,0O; and ZnO/
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Al,O; catalysts (23, 24). In addition, the
method of preparation of copper catalysts
was found to be an important factor (25).
These observations indicated that the final
state of copper in the Cu/ZnO/AlLO; cata-
lysts determined their high activity and se-
lectivity for the production of methanol.

In a series of studies of the Cu/ZnO
biphase catalysts that involved the determi-
nation of activity and selectivity (26), char-
acterization by X-ray diffraction and elec-
tron microscopy (27), and observations of
optical spectra (28), experimental results
suggested that, in addition to a crystalline
part, varying amounts of copper exist in an
amorphous solute form in ZnO depending
on the Cu/Zn elemental composition. It is
therefore important to determine the crys-
talline copper surface area in this catalyst
system. This task is not an easy one to ac-
complish since crystalline copper chemi-
sorbs few gases strongly and in those cases
when it does, such as oxygen via N,O de-
composition or O, dissociative chemisorp-
tion, there is concern as to the rehability of
the results. Some investigators suggested
that no standard method to measure active
surface areas of copper catalysts exists
(29).

The present study deals with the chemi-
sorption of carbon monoxide and oxygen
on the Cu/ZnO methanol synthesis cata-
lysts with the aim to determine the crystal-
line part of the copper surface area in these
catalysts. Chemisorption of these two gases
has been investigated in a wide range of
pressures for the whole compositional
range Cu/ZnO = 0/100 to 100/0. Reversible
and irreversible portions of each adsorbate
were determined for each of the Cu/ZnO
ratios. The results obtained herein are criti-
cally evaluated and compared with the liter-
ature in terms of practicality and reliability
of the chemisorption methods for the cop-
per metal area determination in the pres-
ence of an oxide phase.

EXPERIMENTAL

Catalysts. The Cu/ZnO = 0/100-100/0
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catalysts were coprecipitated from nitrate
solution by Na,COs and calcined according
to procedures previously described in detail
(26, 30). The calcined Cu0O/ZnO samples
were placed between plugs of glass wool in
a Pyrex U-tube with glass beads to preheat
the reducing gas. The U-tube, which had an
inner thermowell concentric with the outer
wall of one arm, was then glass blown onto
a volumetric chemisorption apparatus and
protected with greaseless stopcocks. A
static vacuum of 107° Torr was typically
obtained.

Prior to initiating the reduction, the U-
tube was purged by flowing a 2% H, in N»
gas mixture through the catalyst bed for 20—
30 min at room temperature, the gas mix-
ture being first scrubbed by an oxygen get-
ter. The catalyst was then heated, with a
cylindrical heater positioned around the
bed, at 3-4 K min~! to a final temperature
of 523 K while monitoring and maintaining
flow of 2% H,/N, gas at 40 cm® min~'. Re-
duction times at 523 K were always 1.5 to 2
times the time necessary for stoichiometric
reduction of CuO to Cu® and depended on
the weight of catalyst used, usually 0.5 to |
g, and its copper content. In the calculation
of the reduction time it was assumed that
reduction of CuO initiated at 483 K since in
separate experiments water vapor was de-
tected in the effluent at this point of the
temperature ramp.

Upon termination of reduction, the sam-
ple temperature was lowered to, and equili-
brated at, 473 K under a flowing 2% H,/N,
mixture. The flow of gas was then stopped,
and exit and entrance stopcocks closed to
protect the sample from atmosphere. The
sample was evacuated at 473 K for 10-16 h
before adsorption studies. Different speci-
mens of each composition were used for
CO and O, chemisorption studies.

Surface area measurement. The adsor-
bate gas was argon and the measurement of
its isotherms at 78 K was straightforward.
The condensation pressure, P, of argon was
determined by a graphical method pre-
sented elsewhere (37). Here the P, of nitro-
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gen was measured by inserting a nitrogen
gas thermometer into the cryogenic liquid
N, bath, and from a calibration plot of P,
for argon versus P, for nitrogen the P, of
argon was ascertained. The surface areas
were calculated from BET plots using an
argon cross-sectional area of 0.168 nm?
34).

CO chemisorption. Carbon monoxide
isotherms were measured at 293 = 0.2 K,
the sample U-tube being immersed in a wa-
ter bath. Helium was used to measure the
dead space. To determine the amount of
reversible and irreversible carbon monox-
ide adsorption, an adsorption isotherm was
measured to approximately 120 Torr equi-
librium pressure (isotherm I). Following
this measurement, the sample was evacu-
ated for 10 min; then a second isotherm (II)
completed. This second isotherm corre-
sponds to the reversibly adsorbed CO and
the difference between isotherms [ and II to
the irreversibly adsorbed CO. Pressure
measurements were made with a MKS 315
BH-1000 Torr differential manometer. Zero
stability was =0.05 Torr.

O, chemisorption. Oxygen chemisorp-
tion experiments were performed at 78 K,
sample temperature being measured with a
1 K resolution Omega 2160A digital ther-
mometer. A liquid nitrogen bath was placed
about the U-tube before admission of oxy-
gen to the reduced catalyst specimens. An
argon adsorption run was then made in
which between 5-8 points were recorded in
the relative pressure range 0.5 < Pg/Py =
0.30. The BET equation was used for sur-
face area calculations. After the adsorbed
argon was pumped off at room temperature
for about 30 min, the sample was again
cooled in liquid nitrogen and the dead space
determined using helium. The helium was
then pumped off keeping the sample U-tube
immersed in liquid nitrogen.

In this manner the desired temperature of
78 K was maintained as evidenced by ther-
mometry prior to and during the oxygen ad-
missions. Due care was taken by admitting
oxygen slowly and in small doses to mini-
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mize sample warming due to the evolution
of adsorption heat. The maximum observed
temperature rise was 5—-6 K during the ini-
tial doses.

The determination of the amount of oxy-
gen chemisorption parallels the procedure
outlined in carbon monoxide chemisorption
except that isotherms were run only to ap-
proximately 6 Torr and the sample degas-
sing schedule was different. According to
Rhodin (39, 40) there is no pressure depen-
dence of the Cu,0 layer thickness on cop-
per at 78 K and for pressures in the range
0.001 to 100 Torr. While weak O, chemi-
sorption and physisorption do occur on top
of this irreversible O, chemisorption these
can be removed by the degassing schedule
employed (vide infra). However, because
these weak adsorptions do occur it was
necessary, using this method, to determine
isotherms to some convenient and measur-
able pressure such that the weak adsorp-
tions could be measured and the irrevers-
ible O, capacity estimated by difference.
After isotherm I was run to approximately 6
Torr the sample was evacuated at 78 K for
23 h.

The sample was then warmed to room
temperature, while degassing, over a 30- to
40-min period and degassing continued for
1 h. Once this degassing was complete the
sample was again prepared for a second ox-
ygen isotherm II by cooling in helium until
78 K was attained and repeating the afore-
mentioned steps. The essentials of this pro-
cedure had been described by Zettlemoyer
et al. (32). The irreversibly chemisorbed
oxygen is obtained by the difference be-
tween isotherms I and II. Pressure mea-
surements were made using a MKS 77H-30
Torr differential manometer and zero sta-
bility of +0.002 Torr was achieved.

RESULTS
Surface Areas by Argon Adsorption

While it was not the intent of this work to
analyze pore size distribution characteris-
tics since a complete study of these proper-
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TABLE 1

Surface Area of Copper Metal and Zinc Oxide in the
Binary Cu/ZnO Catalysts

Catalyst Cu Zn0 Total
composition surface area surface area? surface area
(Cu/Zn0) (m¥g catalyst) (m¥g catalyst) (m%/g catalyst)
0/100 — 24.1 24.1
10/90 4.9 30.1 35.0
20/80 8.9 27.6 36.5
30/70 16.0 23.3 39.3
40/60 6.5 8.5 15.0
50/50 5.7 5.4 11.1
67/33 3.9 3.5 7.4
100/0 0.62 —_ 0.62

4 ZnO surface area = total surface area — Cu surface area.

ties has been made by Bulko (33, 34), sur-
face areas were measured to ensure that
samples were representative of those used
in catalyst testing studies. Excellent agree-
ment between surface areas reported
herein, in the last column of Table 1, and
those measured by Bulko ez al. were ob-
tained.

Oxygen Chemisorption

The isotherms (I) for oxygen on the Cu/
Zn0O = 20/80, 30/70, 40/60, and 50/50 speci-
mens are shown in Fig. 1 and those on the
Cu/ZnO = 0/100, 10/90, 67/33, and 100/0
specimens in Fig. 2. These isotherms are
separated for clarity of presentation only.
Pure zinc oxide was subjected to the same
reducing atmosphere of 2% H./N, gas at
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Fi1G. 1. Oxygen adsorption isotherms (I) on the Cu/
ZnO = 20/80, 30/70, 40/60, and 50/50 catalysts at 78 K.
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FiG. 2. Oxygen adsorption isotherms (I) on the Cu/
ZnO = 0/100, 10/90, 67/33,and 100/0 catalysts at 78 K.

523 K (26, 33) as the copper-containing cat-
alysts prior to the chemisorption measure-
ments.

Figure 3 illustrates separately the oxygen
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F1G. 3. Oxygen adsorption isotherms at 78 K on Cu/
ZnO = 0/100 and 100/0. [sotherm I (A, M) comprises
reversible plus irreversible oxygen adsorption; iso-
therms II (V, O) and I () comprise reversible ad-
sorption only.
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F1G. 4. The dependence of the irreversible oxygen
adsorption at 78 K on the Cu/ZnO ratio in the binary
copper-zinc oxide catalysts.

adsorption results obtained for isotherms 1
and II on Cuw/ZnO = 0/100 and 100/0, re-
spectively. A third isotherm III is also
shown in this figure for pure copper. This
isotherm was obtained, subsequent to iso-
therm II, by performing the same degassing
schedule employed between isotherms I
and II in order to confirm that all irrevers-
ible O, chemisorption had occurred in iso-
therm I. It is noted that in these and all
other samples, isotherms I and II are nearly
parallel and that isotherm I has an apparent
‘““zero’’ pressure intercept which corre-
sponds to the difference between isotherms
I and II, indicating that irreversible oxygen
chemisorption occurs. Isotherms II and III
represent reversibly adsorbed oxygen only
and consequently the magnitude of the total
adsorption occurring in isotherm I is a sum-
mation of reversibly and irreversibly ad-
sorbed species. The irreversible oxygen ca-
pacities obtained from differences between
isotherms I and II for all Cu/ZnO catalysts
investigated are plotted in Fig. 4 as a func-
tion of the catalyst composition.

Carbon Monoxide Chemisorption

The CO isotherms shown in Fig. 5 have a
character which indicated that adsorption
was completed at subatmospheric pres-
sures. Pure ZnO which was treated with the
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same reducing atmosphere did not adsorb
CO at 293 K. Of the total CO uptake ap-
proximately 95% was reversibly chemi-
sorbed on pure reduced copper, though the
cumulative error in the adsorbed amount
can be as large as 12% relative on this low
area specimen at 100 Torr pressure. By
comparison the reversible CO chemisorp-
tion on the Cu/ZnO = 30/70 catalyst was
only 72% of the total uptake and the cumula-
tive error accounts for <2% of the uptake.

The specific CO capacities plotted in Fig.
6 are seen to increase with increasing cop-
per content in the catalyst, with maximum
coverage obtained for pure copper. These
capacities are given for the pressure of 100
Torr, at which the adsorption isotherms are
near saturation as demonstrated in Fig. 5.
The irreversible CO fraction, however,
shows a double-humped feature with max-
ima at the Cu/ZnO = 30/70 and 67/33 cata-
lyst compositions.

DISCUSSION

The adsorption characteristics of the
pure components—Cu and ZnO—and the

30/70

20/80

AMOUNT OF CO ADSORBED, (MOLES/G CATALYST) X 10°

100/0

1 1 1 L
0 20 40 60 80 100 120
PRESSURE (TORR)

Fi1G. 5. Carbon monoxide chemisorption isotherms
(I) at 293 K on the binary Cu/ZnO catalysts. The la-
bels at the individual isotherms denote the molar com-
position Cu/ZnO.
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FiG. 6. The dependence of the carbon monoxide sat-
uration adsorption (TOTAL) and irreversible adsorp-
tion (IRREVERSIBLE) on the Cu/ZnO ratio in the
binary copper—zinc oxide catalysts.

composite Cu/ZnO catalysts will be dis-
cussed separately.

Pure Components: Cu and ZnO

Oxygen adsorption on copper has been
used in earlier studies as a tool for deter-
mining specific copper areas in catalysts.
Vasilevich et al. (13) recommended chemi-
sorption of oxygen at 137 K to determine
copper surface areas in catalysts containing
copper, zinc, chromium, and/or aluminum.
Their choice of temperature was one of ex-
pediency since at 78 K additional multilayer
adsorption of O, occurs and the quantity of
physically adsorbed gas must be deter-
mined. It is shown below that the 78 K iso-
therm method gives equally good results in
terms of surface stoichiometry. Moreover,
the lower temperature of 78 K was deemed
advantageous to prevent undesirable long-
term effects associated with a slow diffu-
sion and oxide growth (39, 40).

It can be seen from Fig. 3 (top) that the
adsorption of oxygen on zinc oxide is com-
pletely reversible. This result indicates that
the zinc oxide remains essentially stoichio-
metric after exposure to a reducing atmo-
sphere of 2% H, in N, at 523 K since irre-
versible O, adsorption would perhaps be
induced on oxygen vacancies and/or inter-
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stitial zinc atoms. The activity of ZnO in
isotopic exchange, photodesorption, con-
ductivity, and catalytic oxidation depends
on the outgassing temperature in vacuo and
it has been reported that room temperature
hydrogen chemisorption proceeds only af-
ter 673 K activation (35).

On the other hand, Fig. 3 (bottom) shows
that on pure copper the initial doses of oxy-
gen in isotherm I give rise to a large amount
of irreversibly adsorbed oxygen with equi-
librium pressure less than 1073 Torr. The
additional adsorption of oxygen which oc-
curs on top of this surface oxide layer can
be removed by the degassing treatment em-
ployed as shown by isotherm II. A subse-
quent measurement, isotherm III, also
shows that oxygen chemisorption was
completed in isotherm I. The difference
between isotherms 1 and Il gives 4.57 X
10~% mol of O, irreversibly chemisorbed per
square meter of copper. For copper metal
the areas per metal atom in the (100), (110),
and (111) planes are 0.065, 0.092, and
0.0563 nm?, respectively (36). If it is as-
sumed that the three major planes are
present in equal amounts an average site
area of 0.0711 nm? is obtained and is equiv-
alent to 1.41 x 10" copper atoms m 2.
However, site densities ranging from 1.35
x 10" to 1.7 x 10" surface copper atoms
m~? have been used in the literature (/6,
18bh, 36). Kington and Holmes (37), using
O? ionic radii and the spacing of Cu atoms
in the metal, pointed out that there is not
room for every surface copper atom to ad-
sorb an oxygen ion (O?7) and that a com-
plete layer should be formed at § = 0.42 of
an atomic monolayer. Thus, using an equi-
librium distribution in which the major
planes are equally abundant, 1.4 x 10" Cu
atoms m~2 and 0, = 0.42, it can be calcu-
lated that monolayer coverage of oxide tons
corresponds t0 4.92 X 10-°mol O, m~2 cop-
per. This agrees well with the measured
value of 4.57 x 107% mol O; m~2, the value
of 4.6 X 107° mol O, m? calculated from
the data of Zettlemoyer et al. (32) when an
argon area of 0.168 nm?’ is used instead of
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F1G. 7. The relation between the amounts of weakly
chemisorbed carbon monoxide at 293 K and irrevers-
ibly chemisorbed oxygen at 78 K, indicating that these
two adsorbates are a measure of copper metal surface
area.

0.14 nm? to determine their surface areas,
and the approximate surface stoichiometry
of Cu/O = 2/1 observed by others (37-41)
from O, adsorption studies.

The chemisorption of carbon monoxide
at 293 K follows a somewhat similar pattern
in that there is no measured uptake on pure
ZnO, but chemisorption does take place on
pure copper metal. From Fig. 6 the satu-
rated coverage obtained for CO on copper
is & = 0.18, assuming single site adsorption,
and it is reversibly adsorbed. This result is
in good agreement with the coverages of 6
=0.20 to 0.25 obtained at ambient tempera-
tures by several investigators (/8a, 42, 43)
and further attests to the low saturated cov-
erage of CO reached on copper surfaces.

Binary Cul/ZnO Catalysts

The physical and chemical interactions of
copper with zinc oxide might be expected
to alter the adsorptive characteristics of ox-
ygen and carbon monoxide in the compos-
ite catalysts and potentially give complex
results. In the following discussion a com-
parison is made between oxygen and car-
bon monoxide chemisorption data in order
to determine (i) the crystalline copper and
zinc oxide surface areas and (i1) the origin
of induced, strong chemisorption of carbon
monoxide shown in Fig. 5 for the binary
Cu/ZnO catalysts.
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It is first pointed out that there is a good
correlation between the irreversible oxygen
chemisorption and reversible CO chemi-
sorption. In Fig. 7 is shown a plot of revers-
ible CO capacities against irreversible O,
capacities, in moles per square meter of
catalyst. The reversible CO capacities
show good linearity with irreversible O, ca-
pacities in the whole compositional range in
which the chemisorption data for Cu/ZnO
catalysts lie on a line connecting the capac-
ity of pure copper with that, at zero inter-
cept, of pure zinc oxide. These results sug-
gest that the sites for reversible CO and
irreversible O, are the same and can be
readily attributed to the crystalline copper
phase. Further, in view of the fact that only
weak CO adsorption occurs on pure cop-
per, and since there is no systematic depen-
dence of irreversible CO capacities on irre-
versibly adsorbed O,, it can be concluded
that the binary catalysts show an enhanced
irreversible CO chemisorption. This en-
hanced CO chemisorption is attributed to
defects extraneous to the copper metal sur-
face, such as solute copper ions in the zinc
oxide matrix suggested earlier (27, 28) or
hydroxyl groups that are induced by the
presence of copper that interact with CO
to make surface formate (44), or some other
not yet precisely characterized defect in the
binary catalysts.

Some support for the conclusion that no
irreversible oxygen adsorption occurs on
these extraneous defects at 78 K may be
derived from the results obtained for pure
copper metal. It has been shown that the
experimental procedure adopted in this
work gives irreversible oxygen adsorption
which reproduces other results reported in
the literature and yields surface stoichiome-
try indicative of Cu,0 formation. Under the
low temperature regime (78 K) no further
oxygen adsorbs irreversibly on top of this
Cu,0 layer. If the defect sites for irrevers-
ible CO are Cu®* ions in the ZnO matrix
they are not expected to further chemisorb
oxygen irreversibly, similarly as the Cu,O
surface layer on metallic copper does not.
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TABLE 2

Comparison of the Copper Crystallite Sizes
by Oxygen Chemisorption and X-Ray
Line Broadening

Cu/ZnO¢ Cu crystallite sizes (nm)
Oxygen X-Ray”
10/90 7.1 5.5
20/80 7.2 4.5
30/70 S.5 7.3
(5.9[200],6.6[111])¢
40/60 28.0 31.0
50/50 44.0 40.0
67/33 89.0 92.0

« CuO/ZnO in wt%.

b Reference (33).

© Average values measured on eight Cuw/ZnO =
30/70 samples (47).

Likewise, surface hydroxyls are not known
to chemisorb oxygen irreversibly.

On the basis of the above conclusions the
specific adsorption of oxygen on pure cop-
per may be used to determine the copper
surface areas in the composite catalysts.
The zinc oxide area is then given by the
difference between total BET area and cop-
per areas calculated from irreversible oxy-
gen chemisorption. These quantities are
summarized in Table 1 for the whole com-
positional range studied and, in light of Fig.
7, are a reflection of Fig. 4 which shows
that the fractional copper surface area in-
creases monotonically with copper content
in the composites. Using the crystalline
copper content reported by Bulko et al.
(28) and assuming spherical particles, the
copper crystallite sizes have been calcu-
lated from the data in Table 1, and are com-
pared in Table 2 with those values deter-
mined by X-ray line broadening (33). Good
agreement between the two sets of data is
shown in this table.

In another study (#4), the Cu/ZnO cata-
lyst was examined by optical diffuse reflec-
tance after being subjected to various gas
treatments and was observed to possess
surface hydroxyl groups. However, that
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catalyst was degassed at room temperature
following reduction, whereas the present
catalysts were degassed at 473 K and
are unlikely to possess a significant amount
of surface hydroxyl groups. With the zinc
oxide surface areas available, Table 1 al-
lows a test to be made of the dependence of
irreversible CO capacities on the defect
concentrations of solute copper in zinc ox-
ide obtained by other methods. Using the
data of Bulko et al. (28) and assuming the
nominal solute Cu®* surface concentration
to be proportional to bulk concentration,
the plot of the surface coverage by irrevers-
ible CO against the concentration of copper
solute shown in Fig. 8 has a linear portion
for each morphology. An earlier electron
microscopic examination of the Cu/ZnO
catalysts had shown that the zinc oxide
phase in specimens with composition Cu/
Zn0O = 30/70 had prism (1010) morphology
while those with composition Cu/ZnO =
40/60 had basal (0001) morphology (27).
Therefore, if the irreversibly bound CO
molecules titrate the surface copper solute
sites, the ZnO (0001) planes tend to accu-
mulate more of the solute copper atoms
than the (1010) planes. Since the basal

[
T

AMOUNT OF IRREVERSIBLY ADSORBED CO,

MOLES/G CATALYST ¢ x 105)

1
0 2 4 6
CONCENTRATION OF Cu SOLUTE SITES ON Zn0O SURFACE,
G-ATOM PER GRAM OF CATALYST ( x 10%)

Fic. 8. The dependence of the amount of irrevers-
ibly chemisorbed carbon monoxide on the concentra-
tion of copper solute sites on ZnO surface, calculated
from the bulk concentrations reported in Ref. (28),
estimated from X-ray diffraction and the ZnO surface
areas in Table 1. The (1010) prism planes of ZnO are
exposed in the Cu/ZnO = 10/90, 20/80, and 30/70 cata-
lysts and the (0001) basal planes of ZnO are exposed in
the Cu/ZnO = 40/60, 50/50, and 67/33 catalysts.
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plane is formally electrostatically charged
while the prism plane is not, the accumula-
tion of copper is consistent with the idea
that the copper species are also charged
and tend to neutralize the excess charges
on the (0001) planes.

The Nitrous Oxide Decomposition Method

An alternative approach to oxygen che-
misorption for determining copper surface
areas has been proposed in the N,O decom-
position method (16—19). This method is
based on the decomposition of N,O mole-
cules on a copper surface which is accom-
panied by the liberation of one nitrogen
molecule. The experimental approaches
have typically been either (i) to measure the
residual nitrogen pressure in a conventional
volumetric adsorption apparatus after
freezing out excess N,O, or (ii) to employ a
pulsed gas chromatographic method. Both
approaches have been utilized in the tem-
perature range 273-413 K. More recently, a
microcalorimetric method has been used
and proposed as a quick method for copper
surface area determination (45).

The decomposition of nitrous oxide cop-
per proceeds with a high heat of reaction
(18a) although per se this may not be detri-
mental. The reaction is apparently also
rapid and thus facilitates its use in a gas
chromatographic configuration (/8b). How-
ever, because it was shown that the extent
of surface and bulk oxidation can introduce
significant error at elevated temperatures
(16), an effect of reaction-induced tempera-
ture transients may be envisioned. This
temperature transient will be dependent on
the initial column temperature, size of the
N,O pulse, and specific copper surface ar-
eas. That the kinetics of N,O decomposi-
tion for small and large crystallite sizes of
copper are different has already been dem-
onstrated by Scholten and Konvalinka (76).
It is this property of the dynamic chemi-
sorptive methods that makes their applica-
tion at high temperatures highly dependent
on the details of the experimental setup and
on the performance of the measurement. In
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addition, discrepancies concerning the
amount of N,O decomposed per square
meter of copper and the area of a single cop-
per site (16—18), as well as the possible de-
pendence of decomposition/chemisorption
temperature on the support (I18b, 45, 46),
exist among the different reports.

On the other hand, static methods utiliz-
ing N,O or O, dissociative chemisorption
cannot be used at ambient and higher tem-
peratures because of bulk oxidation which
accompanies the surface reactions. Oxygen
chemisorption which forms surface oxygen
anions, as does N,O decomposition, pro-
ceeds to a limiting oxide layer thickness of
1.7 to 7.0 nm at 273-353 K (39, 40) and
involves bulk oxidation of the metal. At 77
K, where the present oxygen chemisorp-
tion capacities were measured, the limiting
oxide layer thickness is only 0.4 nm (39, 40)
and since the ionic radius of O*~ is 0.28 nm
it corresponds to the formation of a Cu,0
monolayer, consistent with the surface stoi-
chiometry obtained by irreversible O, che-
misorption at low temperatures. N,O will
not decompose at these low temperatures,
however, to give any defined Cu : O stoichi-
ometry, and therefore, the static oxygen
method at low temperatures appears more
reliable in the static regime.

CONCLUSIONS

The chemisorption of oxygen carbon
monoxide has been employed to determine
the crystalline copper surface areas in Cu/
ZnO methanol synthesis catalysts in the
compositional range Cu/ZnO = 0/100 to
100/0. The total, reversible, and irreversible
adsorption capacities for oxygen and car-
bon monoxide have been measured at 78
and 293 K, respectively. For the compos-
ites, the reversible CO capacities at 293 K
show good linearity with the irreversible O,
capacities at 78 K and lie on a line connect-
ing the capacity for pure copper with that,
at zero intercept, of pure zinc oxide. Thus,
the crystalline copper surface areas in these
biphase catalysts have been evaluated from
the specific irreversible adsorption of O, on
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pure copper having surface stoichiometry
Cu:0 = 2:1. A critical analysis with an-
other traditionally employed method, N,O
decompositive chemisorption, shows that
the low temperature adsorption of O, is the
preferred, reliable technique for determina-
tion of the crystalline copper surface areas
in composite catalysts. The irreversible CO
capacities are proportional to the bulk con-
centration of solute copper in zinc oxide
estimated by independent methods, but
higher specific chemisorption capacities are
found for the basal (0001) than for the prism
{1010) morphologies. This result indicates a
preference of the basal zinc oxide planes
for the copper solute species.
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Note added in proof. Two recent reports provide
additional evidence, or an indication thereof, of CO
chemisorption on the Cu/ZnO catalysts that is stronger
than that on metallic copper. In the first of these two
reports, B Fubini, V. Bolis, and E. Giamelo carried
out a calorimetric study of CO adsorption on ZnO and
Cu/ZnQ specimens (Thermochim. Acta 85, 23, 1985)
and have noted that while a substantial fraction of the
adsorption sites for CO have energies expected for
Cu(0)-CO bond, some sites did exhibit a higher inter-
action heat, which may be attributed to the coordina-
tion of CO onto Cu(l). In the second and more recent
of the two communications, G. Ghiotti, F. Boccuzzi,
and A. Chiorino (Chem. Commun., 1985, 1012) report
a 1580-cm™' IR absorption band for CO on a Cu/ZnO
specimen found in addition to the usual CO absorp-
tions around 2100 cm~!. The 1580-cmm™' band is as-
signed by Ghiotti, Boccuzzi, and Chiorino to CO car-
bon-down on copper and side-on on zinc ions of the
zinc oxide surface, and these authors propose that the
binding site is copper particle-zinc oxide interface. In
principle, neither the presently reported adsorption
evidence for irreversible CO nor calorimetry nor IR
spectroscopy can locate the copper or copper-induced
defect on which the CO molecule is bound. However,
the results of these experiments agree in that a part of
the CO adsorbate is more strongly bonded on the Cu/
ZnO specimens than on the separate Cu metal and
ZnO components.
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