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The adsorption and hydrogenation properties of various semiconductor-supported copper cata- 
lysts were studied and are interpreted in terms of the electronic properties of the semiconductor. 
Electronic interactions between copper and p-type Zr02 and Cr203 enhance the quantity and 
stability of CO adsorption on copper and increase by a factor of 10 to 20 the activity for CO 
hydrogenation as compared with bulk copper. Infrared spectra and XPS results suggest that high- 
temperature reduction (SWC) of Crz03 (producing an n-type material) may produce some lower 
oxidation state Cr ions and destroy the promoting effect of CrZ03 on copper. Copper on insulator 
(AlzOj and Si02) and n-type (ZnO and C) supports all have about the same CO hydrogenation 
activity as pure copper, while TiOz- and MgO-supported Cu (n-type) have barely detectable activ- 
ity. 0 19X6 Academic Press. Inc. 

INTRODUCTION 

The materials used to support metal cata- 
lysts not only provide large surface areas 
for dispersion of the metals, but can also 
affect the gas adsorption and activity/selec- 
tivity of the supported metals. One of the 
important support effects which has at- 
tracted considerable attention recently is 
the strong metal-support interaction 
(SMSI) (1-3). Group VIII-B metal/titania 
systems are typical SMSI catalysts. One 
characteristic of SMSI is the suppression of 
HZ, CO, and NO (4) chemisorption. Many 
TiOz-supported metal catalysts also have 
higher methanation activities than their cor- 
responding AllO3 -supported counterparts 
v-7). 

Several physical and chemical effects, in- 
cluding encapsulation (8-1Z), electronic in- 
teraction (f2-15), diffusion (16), and mor- 
phology modification (17), have been 
suggested as contributors to the SMSI ef- 
fect. As applied to titania-Group VIII 
metal systems, the electronic interaction 
model suggests that the SMSI effect in- 
volves a redistribution of the conduction 
band electron density from partially re- 
duced titania to the supported metal parti- 

cles. While charge transfer to or from the 
metal may occur at the interface, it is not 
possible to transfer enough charge to alter 
significantly the oxidation state of all of the 
atoms, even in a small metal particle. The 
electric field can not be sustained; any 
charge that is transferred across the inter- 
face will be completely screened over a dis- 
tance of roughly one lattice spacing. Fur- 
thermore, the small concentration of 
conduction band electrons in a typical 
semiconductor makes extensive transfer to 
the metal even more improbable. However, 
charge redistribution (rehybridization) can 
occur over much larger distances and does 
not require any net transfer (41). Thus, a 
small amount of charge transfer (or even an 
interaction with no net local charge trans- 
fer) at a metal-support interface can alter 
the s-, p-, d-character of the charge distri- 
bution several (at least 3 or 4) atomic spac- 
ings away. Alteration of the electron den- 
sity and state distribution of the metal may 
give a material which has altered chemi- 
sorption and catalytic properties. Even if 
most of the metal atoms behave as if the 
support were absent, the interface must be 
considered and metal atoms located there 
may be strongly altered by interactions with 
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the support (with or without charge trans- 
fer). For small metal particles and encapsu- 
lated large metal particles, the fraction of 
these interface atoms can be large and 
have a major influence on catalytic reac- 
tions (6, 37). 

If this mechanism is indeed operative in 
SMSI, then it should also be possible to 
change the direction and extent of elec- 
tronic charge redistribution and thereby ac- 
tivate relatively inactive metals for the ad- 
sorption of hydrogen (i.e., invert the 
normal SMSI effect). In this paper we ad- 
dress this question by using a relatively in- 
active metal, Cu, and a variety of supports 
with different electronic properties (dis- 
cussed below). These materials were inves- 
tigated for CO and H2 chemisorption and 
for CO hydrogenation activity. 

The goal is to increase the chemisorption 
of CO and H2 and to alter the CO hydroge- 
nation activity over the supported metal. 
From the point of view of the electronic 
interaction model, we are trying either to 
redistribute some electron density in the 
transition metal atoms by virtue of interac- 
tions at the metal-support interface or to 
withdraw some electron density from the 
metal to the support (or into oxide particles 
that decorate the surface of the metal). 
Some results from the literature suggest 
that redistributing electron density between 
the group IB metals and the group VIIIB 
metals is one factor in altering catalytic ac- 
tivity for certain reactions. As an example, 
Ni-Cu alloys have about one order higher 
activity for ethylene hydrogenation than 
pure Ni (22). On the other hand, Ni-Au 
alloys have about one-tenth the reactivity 
of pure Ni (22). The work functions of Ni, 
Cu, and Au are 5.06, 4.55, and 5.32 eV, 
respectively (23). Thus, electron density 
transfer from Cu to Ni is expected in a Ni- 
Cu alloy but from Ni to Au in a Ni-Au 
alloy. As a second example, the activity of 
the Pt-Au system for the cyclohexane de- 
hydrogenation reaction was 6 times higher 
than with pure Pt (24). The work functions 
of Pt and Au are 5.42 and 5.32 eV, respec- 

tively (23). Similar conclusions have been 
drawn for chemisorption on single crystal 
Ru(0001) covered with Cu (the work func- 
tion of Ru exceeds that of Cu). Copper 
overlayers up to at least two layers thick is 
more active for O2 chemisorption than bulk 
Cu (40) and CO chemisorption on Cu is 
thermally more stable when the Cu over- 
layer is on Ru than when it is on Cu (39). 

Of course, other factors such as geome- 
try and lattice effects may also contribute 
to the activity behavior. In the context of 
the present discussion, it is important to ap- 
preciate the indirect role that electronic in- 
teractions can have on the structure of 
metal particles. In any case where the 
metal-substrate interaction is a significant 
fraction of the metal-metal interaction, we 
expect changes in metal-metal internuclear 
distance in the first layer. In turn higher 
layers will have structures “guided” by the 
first layer. These include growth modes and 
distribution of exposed crystal faces. 

With electronic interaction model in 
mind, we establish the following conditions 
for the selection of metal and support com- 
binations to provide an inverse of the nor- 
mal SMSI effect. 

For the support. The support should 
have some electron conductivity and a 
higher work function than the supported 
metal so that the support can accept the 
electron density from the metal. The sup- 
port should also have enough surface area 
to disperse the supported metals. 

For the metals. The metal should have a 
lower work function than the support, 
should show weak adsorption of CO and HI 
in its normal state and should have weak 
hydrogenation activity so that increases 
can be observed easily. 

Among the group IB metals, copper is 
the best candidate because it has weak hy- 
drogenation activity (25)) weak adsorption 
of CO and HZ (26), and relatively low work 
function (4.55 eV) (23). Zr02 and Cr203 are 
p-type semiconductors with higher work 
functions than copper. These oxides were 
used as supports in the experiments out- 
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lined below. Some insulator (Alz03, SiOz) 
and n-type semiconductors with higher or 
lower work functions than copper (graph- 
ite, ZnO, TiOz, and MgO) were also used as 
references. The results are generally con- 
sistent with electronic interaction model 
but, recognizing the complexity of SMSI ef- 
fects, we cannot go beyond a consistency 
argument. 

EXPERIMENTAL 

The supports used in this study were 
ZrOz (Baddeleyite-type, 99+% pure, Alfa- 
Ventron Co., 5.5 m2/g), Cr203 (Fisher Co. 
certified grade, 11 m*/g), graphite (Alfa- 
Ventron Co., 9 m2/g), ZnO (The New Jer- 
sey Zinc Co., Kadox-15, 7.8 m2/g), A1203 
(MCB Inc. chromatographic grade, type F- 
20,80-200 mesh, 258 m2/g), SiOz (Cab-0-sil 
HS-5, 325 m2/g), Ti02 (MCB Inc., 75% ana- 
tase and 25% rutile, 10 m2/g), and MgO 
(Fisher Co. certified grade, 30 m2/g). 

The catalysts were prepared by impreg- 
nating the supports with an aqueous solu- 
tion of Cu(NO,)2 . 3H20 (MCB Ind., re- 
agent grade). The resulting catalysts were 
dried at 100°C and calcined in air at 200°C 
for 16 h. 

UHP hydrogen (Big Three Industrial, 
Inc.) was further purified by passing it 
through a deoxo purifier (Matheson Corp.). 
CO (contaminated with 200 ppm C, and 10 
ppm C2 of hydrocarbons, Big Three Indus- 
trial Inc.) was passed through a molecular 
sieve trap at 125°C to remove any carbon- 
yls. N20 (Matheson Corp.) was purified by 
a freeze-thaw technique. Oxygen (Big 
Three Industrial, Inc.) was used without 
any further purification. 

Adsorption measurements were made 
with a typical glass volumetric adsorption 
system capable of a dynamic vacuum of 5 
10m5 Torr. Approximately 0.2 g of the cata- 
lyst was placed in a glass adsorption cell 
and reduced by Hz in situ at 275°C (or other- 
wise specified in the text). The sample was 
outgassed under vacuum (5 10m4 Torr) at 
400°C for 30 min before the uptake experi- 
ment. The pressure was recorded every 5 

min during the adsorption process until the 
pressure change was less than 0.01 Torr in 5 
min. 

The average crystallite size of the sup- 
ported copper was estimated from the (111) 
line of copper by the X-ray line broadening 
method. The number of surface copper at- 
oms was determined from the Nz pressure 
which was produced by decomposition of 
N20 (18, 19): 

N20 + 2 Cu ------+ Cu20 + Nz 

For this procedure, approximately 0.5 g of 
the catalyst was placed in the reaction cell, 
reduced in flowing hydrogen at the temper- 
ature of interest for 6 h, degassed at the 
same temperature for 30 min and cooled to 
room temperature under vacuum. Then 200 
Torr of N20 was dosed into the cell at room 
temperature to react with the copper for 5 
h. The unreacted N20 was trapped into a 
side tube cooled to liquid-nitrogen tempera- 
ture, and the resulting N2 pressure was 
measured with a pressure transducer (MKS 
Baratron). The residual N20 pressure at liq- 
uid-nitrogen temperature was undetectable 
with this pressure sensor. 

For IR measurements, 50- 100 mg cata- 
lyst was spread uniformly on paraffin paper 
and pressed at 4000 psi to make a l-in.- 
diameter wafer. The resulting wafer was 
heated under vacuum at 400°C for 1 h, oxi- 
dized in 1 atm O2 at 225°C for 6 h, degassed 
at the same temperature for 1 h, reduced at 
275°C in 1 atm HZ for 16 h, and degassed at 
400°C for 1 h before IR measurement. The 
standard IR cell has been described (20). 
Spectra were taken using a Nicolet 7199 
FT-IR spectrometer and were recorded at 
room temperature with resolution of 2 
cm-‘. All spectra reported here have been 
corrected by subtraction for absorption by 
the gas phase, blank catalyst wafer, and 
CaF2 windows. 

The CO hydrogenation was carried out in 
a quartz fixed-bed reactor operating in a dif- 
ferential mode at low conversion. The reac- 
tion system is shown in Fig. 1. Samples of 1 
to 7 g were pretreated in situ in flowing H2 
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FIG. 1. The CO hydrogenation reactor system. 

(- 15 cm3/min) at 280°C for 6 h. The reac- 
tion temperature ranged from 250 to 275°C. 
The CO/H2 ratio was 1 : 3 and the total pres- 
sure was 1 atm. Space velocities varied 
from 2500 to 5000 h-’ to achieve a differen- 
tial conversion of CO. The HZ/CO feed 
stream passed over the catalyst for 10 min 
before a sample was taken for analysis. The 
catalyst was purged with H2 for 30 min be- 
tween each Hz/CO exposure to maintain 
the catalytic activity. The procedure was 
similar to that used by Sinfelt (21). A Var- 
ian 3700 gas chromatograph was used to an- 
alyze the products with a 20% OV-101 on a 
Chromosorb P-AW column. Product gas 
concentrations were determined with a 
Hewlett-Packard 3390A integrator by com- 
paring the product peak areas to those for a 
standard mixture. The turnover number 
was calculated as 

d n=A- 
N’ 

where 
n = turnover number (molecules of CO 

consumed to produce hydrocarbon 
per second per surface Cu atom); 

c = CO consumption on 1 g of catalyst in 
units of ppm of total gas (corrected for 
conversion on 1 g of blank support); 

f = flow rate, cm3/min; 
N = number of surface copper atoms per 

gram of catalyst determined by NZO 
decomposition method; and 

A = constant to convert the units from (ml 
X ppm)/(atom X min) to (molecule)/ 
(atom X s). 

The CO consumption was calculated from 
the product hydrocarbons. Oxygenated 
compounds were not detected in sufficient 
concentrations under our experiments to be 
included in the turnover number calcula- 
tion. This may be due in part to the chro- 
matographic column used. 

The catalyst surface composition was de- 
termined by X-ray photoelectron spectro- 
scopy (XPS) in a VG ESCALAB system. 
The sample pretreatment method was the 
same as for the CO hydrogenation experi- 
ment. The powder was spread onto a sam- 
ple holder and put into the entry chamber 
and reduced again in situ in 5 Torr H2 275°C 
for 1 h. The XPS spectra was taken using 
MgKa (h,u = 1253.6 eV) radiation. The po- 
sition of the C(ls) line (284.5 eV binding 
energy, BE) was used to estimate sample 
charging. 

RESULTS AND DISCUSSION 

(A) CO Hydrogenation 

Table 1 summarizes the properties of the 
supported copper catalysts. The turnover 
number of CO on Si02-supported copper 
was about 0.02 x 10e3 which is consistent 
with Vannice’s results (28). 

There are significant differences in CO 
hydrogenation for the nine different Cu- 
based catalysts. These fall into three 
classes: (1) larger than bulk Cu; (2) about 
the same as bulk Cu; and (3) less than bulk 
cu. 

Many things can affect the activity of the 
supported Cu. However, as discussed be- 
low, particle size, crystal orientation, the 
intrinsic activity of the support itself, and 
the extent of copper reduction are not 
solely responsible for the differences. All 
the catalysts listed in Table 1, except bulk 
Cu, have roughly the same particle size 
(Table 2). Copper(ll1) XRD lines of nearly 
the same width dominate the spectra of 
every sample suggesting that the particle 
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TABLE I 

Properties of Supported Cu Catalysts (CO Hydrogenation Activity) 

Sample P Surface Cu TONh Conductivity type’ 

-- (76) (X IO”) of the support 

Total Cu 

5% Cu/ZrOz 

5% Cu/Cr20q 

5% Culgraphite 

5% Cu/ZnO 

20% Cu/AI,O, 

20% Cu/SiO: 

5% CuiTiO, 

5% Cu/MgO 

Cutbulk) 

5.0 0.6 

5.8 I.0 

4.8 I .o 

4.6 0.6 

1.6 

0.3 

3.0 0.5 

3.5 

4.55 0.0029 

0.41(0.68) + 0.05 

0.24(0.27) 2 0.02 

~0.04(0.05) 

SO.03 

~0.01(0.03) 

SO.02 

50.01 

SO.01 

SO.02 

P 

P 
n (semimetal) 

n 

Insulator 

Insulator 

,7 

n 

Metal 

“ Work function of the support (27). 

h Turnover number of CO x lO+j, the number in parentheses is the measured TON before subtract- 

ing the activity of the blank support. The unit is molecules of CO/atoms of surface Cu, per second. H2/ 

CO =3, flow rate = 60 cmj/min. total pressure = I atm, T  = 275°C. 

( From Ref. (27). 

size and the crystal orientation have little 
effect on CO hydrogenation activity. Blank 
A1203 has about the same activity as blank 
ZrO;! (on the basis of the weight of oxides) 
but the former has no promotion effect on 
Cu so that the effect of the intrinsic CO 
hydrogenation activity of the support itself 
was ruled out. There is no relationship be- 
tween the specific activity (TON of CO) 
and the extent of copper prereduction (dis- 
cussed in the XPS section). 

We propose that the cause of the varia- 
tion in CO hydrogenation activity is largely 
electronic in origin and involves the inter- 

j&es between Cu particles and the sup- 
ports: for Cu supported Crz03 or ZrOz, p- 
type semiconductors with work functions 
higher than Cu, the CO hydrogenation ac- 
tivity is higher than with bulk Cu. Electron 
density can transfer from Cu to the support 
in this case. When Cu is supported on SiOz 
or A1103, both insulators, the activity is 
about the same as with bulk Cu. Electron 
density cannot be accepted by these insula- 
tors. Copper-supported n-type semicon- 
ductors with work functions higher than Cu 
also have roughly the same activity as bulk 
cu. 

TABLE 2 

Particle Size and Infrared Spectra of Adsorbed CO 

Sample Particle PC0 
size<’ (A) (Torr) 

IR peak area 

Before After 

evac. evac. 

Area ratio 

after/before 

evacuation 

CulCrzO, 290 20 5.8 378(2116) 138(2III) 0.36 t 0.07 

Cu/ZrOz 390 18 5.0 259(2 128) 89 (2128) 0.34 k 0.07 

Cu/SiOz 390 18 200(2127) 28 (2126) 0.14 -t 0.03 

Cu/TiOz 340 20 3.0 128(2131) 13 (2131) 0. IO 2 0.02 

” By X-ray line broadening method. 

b Work function of support in eV. 

’ In parentheses is the IR peak position, cm-’ 
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FIG. 2. CO adsorption at room temperature on copper 
catalysts reduced at 225°C. (a) 20 Torr CO on Cu/SiOz, 
(a’) evacuate for 10 min, (b) 18 Torr CO on CuiTiO, , 
(b’) evacuate for 10 min, (c) 18 Torr CO on Cu/ZrOz, 
(c’) evacuate for 10 min, (d) 20 Torr CO on Cu/Crz03, 
(d’) evacuate for 10 min. 

Charge transfer from the metal to the n- 
type semiconductor may not occur even 
when the work function of the metal is less 
than the work function of the semiconduc- 
tor (29, 30). Significant transfer will occur 
only when the conduction band electron 
density is lower than the density at the 
boundary between the metal and the semi- 
conductor. On the basis of the treatment 
given in reference (29), we expect there will 
be no charge transfer from Cu to ZnO. Al- 
though the calculation is not very accurate 
because the surface properties of powdered 
semiconductors are not well understood, 
ZnO is not expected to promote the activity 
of CO hydrogenation on Cu (on the basis of 
the electronic interaction model). 

AND EKERDT 

An interesting case is Cr203, which 
switches from p-type to n-type upon reduc- 
tion. The p-type material promotes Cu but 
n-type does not (see below). Copper sup- 
ported on TiOz or MgO (n-type semicon- 
ductors with work functions lower than Cu) 
have activity less than bulk Cu. These 
results are what we would expect from the 
model proposed above. 

(B) CO and H2 Adsorption 

Encouraged by the results of the CO hy- 
drogenation reaction, we investigated the 
adsorption behavior of the catalysts. Some 
of the supports adsorb carbon monoxide, 
and it is difficult to distinguish the CO ad- 
sorbed on the metal and support by conven- 
tional volumetric methods. Infrared spectra 
are helpful in locating the CO. The position 
of the band of adsorbed CO on copper is 
between 2100 and 2130 cm-’ while on oxide 
supports it is between 2150 and 2200 cm-‘. 

The IR results for CO adsorption on 
Crz03-, ZrOz-, TiOz-, and SiOrsupported 
Cu are shown in Fig. 2 and summarized in 
Table 2. The area ratio (Table 2) of the IR 
bands after and before evacuation for 10 
min at room temperature provides one mea- 
sure of strongly and weakly held CO (ignor- 
ing variations of absorption cross section). 
On Cr203- and ZrOz-supported Cu the sta- 
bility of adsorbed CO is higher than on SiO? 
or TiOrsupported Cu. Assuming that insu- 
lator-supported Cu (Cu/A1203 or Cu/SiOz) 
has the same metal properties as bulk Cu, 
then they can be used as standards against 
which to compare the other supports. SiO:! 
is better because Cu/SiOz has roughly the 
same hydrogenation activity as pure Cu 
powder (see Table I). Compared with Cu/ 
SiOz, the quantity and stability of adsorbed 
CO on the other catalysts correlates with 
the bulk electronic character of the support 
(Table 2). p-Type semiconductors with 
work functions higher than that of bulk Cu 
show more extensive and more stable CO 
adsorption than Cu/SiO2. Titanium dioxide 
is an n-type semiconductor and has a lower 
work function than Cu. Carbon monoxide 
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adsorbed on TiOrsupported Cu is not sig- 
nificantly different from CO on SiOz-sup- 
ported copper. In the context of this discus- 
sion, it is more important to note that 
connections between the chemisorbed CO 
(as detected by IR) and catalytic activity 
have not been established for Pt on a vari- 
ety of supports (38). Thus, the correlation 
observed here must not be taken as general- 
izable. 

When the CO band lies between 21 IO and 
2140 cm-l it has been assigned to adsorp- 
tion on poorly reduced Cu (31). As the en- 
ergies of the CO bands on all the catalysts 
in Table 2 were higher than 2110 cm-‘, one 
might argue that the variation in the stabil- 
ity of CO was due to oxidized Cu. How- 
ever, our XPS results suggest that the CO 
hydrogenation activity and the chemisorp- 
tion stability of CO on Cu/semiconductor 
catalyst are not directly related to the oxi- 
dation state of Cu. This will be discussed in 
the XPS section. 

Qualitatively, hydrogen adsorption 
shows the same trend as CO on these Cu 
catalysts. Unfortunately, the quantity of 
the adsorbed H2 was very small (<2 pmol/ 
g), so quantitative comparisons were not 
possible. The very weak chemisorption of 
hydrogen on clean copper films is known 
(32). 

(C) Reducibility of‘Crp!I+ and Its 
Electronic Elfect 

The formal valence state of chromium 
varies from 0 to +6 in known compounds 
and different valence state chromium spe- 
cies might exist on a chromia surface 
treated with hydrogen since Crz03 is a re- 
ducible oxide (2). The electronic properties 
of chromia are very dependent on the ex- 
tent of reduction of its surface. The mecha- 
nism of the conductivity of Cr203 changes 
from hole conduction type (p-type) to elec- 
tron conduction type (n-type) after high- 
temperature reduction (33). Thus it is of in- 
terest to examine the effect of reduction 
temperature on the Crz03-supported cop- 
per. Figure 3 shows the CO adsorption on 
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FIG. 3. CO adsorption at room temperature on various 
reduced Cu/CrzOl catalysts. (a) 24 Torr CO on Cui 
Crz03 reduced at 225°C (a’) evacuate for 10 min, (b) 26 
Torr CO on Cu/Cr203 reduced at 5OO”C, (b’) evacuate 
for 10 min, (c) 22 Torr CO on (b’) after it was oxidized 
and reduced at 225C, (c’) evacuate for 10 min. 

reduced Cu/CrZOj . After a low-temperature 
(225°C) reduction, 36% of CO can be held 
on the copper surface after evacuation to 
10m4 Torr at room temperature for 1 min 
(Fig. 3a’). After a high temperature (500°C) 
reduction, no adsorbed CO was observable 
under the same conditions as those in Fig. 
3a’ (Fig. 3b’). Oxidation followed by low- 
temperature reduction restores the ability 
to hold the adsorbed CO strongly (Fig. 3~‘). 
This kind of behavior is like that of proto- 
type SMSI catalysts (e.g., Pt/TiO,). 

Previous literature reports that Cr203 - 
supported Pt shows no SMSI effect (2). 
Within the framework of our model this oc- 
curs because of the difference in electron 
conduction behavior of Cr203 and TiOz. 
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FIG. 4. CO adsorption at room temperature on various 
reduced Pt/Crz03 samples. (a) 16 Torr CO on PtiCr203 
reduced at 22X, (a’) evacuate for 10 min, (b) 16 Torr 
CO on Pt/Cr203 reduced at SOO”C, (b’) evacuate for 10 
min. 

TiOz is an n-type semiconductor and has a 
lower work function than Pt while Cr203 is 
a p-type semiconductor and has a higher 
work function than Pt. We have repeated 
CO adsorption experiments on the Pt/Cr203 
system (Fig. 4) and confirm that there is no 
suppression of CO chemisorption that 
could be taken as evidence for a significant 
metal-support interaction. The band area 
ratios are almost the same (84 and 81%) for 
the low and high temperature reduction of 
PtKr203. 

An inverse of the typical SMSI type elec- 
tronic effect is proposed for our Cu/Cr203 
system: reduction at 225°C does not pro- 
duce a n-type semiconductor surface, and 
electron density can be shifted from Cu to 
the support. The result is an interaction 

(which could include encapsulation of the 
Cu) that leads to a higher binding energy of 
CO on Cu/CrzOj than on metallic Cu. High- 
temperature (500°C) reduction produces 
some lower valence state chromium ions on 
the Cr20j surface and changes the mecha- 
nism of conductivity from p-type to n-type. 
This electron-rich surface destroys the in- 
verse SMSI state and the Cu/Crz03 should 
behave as normal copper under this condi- 
tion (i.e., very weakly held CO). Oxidation 
removes the low-valence-state chromium 
ions produced by high-temperature reduc- 
tion. A subsequent 225°C reduction reduces 
the surface copper oxide but leaves chro- 
mia as a p-type material. Thus, its electron 
accepting ability is restored and the inverse 
SMSI effect reappears. 

a’ 
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FIG. 5. CO adsorption at room temperature on various 
reduced Cr,03 substrates. (a) 22 Torr CO on Cr203 
reduced at 225”C, (a’) evacuate for 10 min, (b) 24 Torr 
CO on CrzOs reduced at 5OO”C, (b’) evacuate for 10 
min, (c) 22 Torr CO on (b’) after it was oxidized and 
reduced at 225”C, and (c’) evacuate for 10 min. 
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TABLE 3 

XPS Analysis of Copper-Chromia Catalysts 

Temp.” Binding energy, eV (FWHM) 

O( Is) Cr(2m) CrChd 

Peak area ratio” 

C&r Cd0 CrlO 

275°C 530.3c2.7) 576.7(3.9) 932.7t3.5) 0.31 0.10 

500°C 530.3(2.6) 576.6(3.9) 932.6c3.7) 0.19 0.07 

G The reduction temperature of Cu/Cr20i. 

h The deviation is about 15%. 

’ Binding energies in eV with full width at half maximum in parentheses. 

0.32 

0.37 

IR of CO adsorption on blank Cr203 (no 
Cu) provides some evidence that the sur- 
face electron density on Cr203 reduced at 
500°C is higher than when it was reduced at 
225°C. Figure 5 shows the CO adsorption 
data. CO is reversibly adsorbed on Cr203 
(no Cu) at room temperature for every sam- 
ple. The frequency of CO on 225°C reduced 
Crz03 is at 2191 cm-‘. It shifts downward 
and splits into two bands at 2179 and 2150 
cm-’ after a 500°C reduction. This lower 
frequency CO band is consistent with a 
higher electron concentration on 500°C re- 
duced Cr203 than that on the 225°C reduced 
surface. This extra electron concentration 
increases the back bonding strength be- 
tween the oxide and the 7~* orbital of CO 
which would produce the observed lower 
frequency band. 

(D) XPS Study 

Table 3 shows the XPS data for Cu/CrzOJ 
reduced at 275 and 500°C. The binding en- 
ergies of Cr and Cu after reduction at 275°C 
were about 0.1 eV higher than after a 500°C 
reduction. The complexity of the powder 
sample environment makes it difficult to in- 
terpret this binding energy shift (changes in 
final state relaxation can not be readily ad- 
dressed). However, the observations are 
not inconsistent with the notion that small 
amounts of charge transfer from Cu to 
Cr203 occur when the latter is reduced at 
relative low temperature and that this ca- 
pacity is lost when chromia is reduced at 
high temperatures. The increase of the Cr- 

derived XPS binding energy upon high-tem- 
perature reduction can be understood in 
terms of the loss of oxygen from the surface 
during reduction. 

The areas of the Cu, 0, and Cr XPS 
peaks also provide some information about 
the surface composition. The ratio of Cu/Cr 
and Cu/O decreases as the reduction tem- 
perature increases, suggesting that Cu was 
sintered under high-temperature reduction. 
This is consistent with the X-ray line broad- 
ening data and the reduced infrared band 
intensity of CO adsorption in Fig. 3. The 
ratio of Cr/O increases about 20% after 
high-temperature reduction, suggesting that 
the surface chromium should be in a lower 
oxidation state (the broad XPS peak from 
the powder sample prevents resolution of 
different Cr states). This is consistent with 
the IR results for CO adsorption on Crz03 
(Fig. 5). 

The extent of copper reduction on vari- 
ous oxide supports was also examined us- 
ing the Auger parameter (see Table 4) (34, 
35). When the Auger parameter is in the 
1851-eV region and no satellite appears be- 
side the Cu(2p& XPS peak, Cue is the 
dominant valence state. When a satellite 
appears beside the Cu(2p& XPS peak, 
Cu*+ is dominant. The percentage of Cu’ 
was determined by the peak height of the 
X-ray excited Auger line Cu+ (916.6 eV) 
and Cue (918.6 eV) when there was no Cu*+ 
on the surface (Cu2+ also shows an Auger 
signal near 918.6 eV). The Cu+ content on 
Cu/ZrOz is difficult to determine because of 
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Sample 

TABLE 4 

Auger Parameter Results 

Auger parameter (Cu) Cu+/Ci+ + Cue (%) 

cu 
Cu/CrzO, 
CuICr20sa 
Cu/Zr02 
Cu/Si02 
Cu/A1203 
CuiTi02 

1851.2 - 
1851.5 55 
1851.5 55 
1851.2 -b 
1851.2 55 
1851.3 14 + 5 
1849.4 50 + 10 

n Reduced at 5OO”C, the other are reduced at 275°C. 
b Overlap with Zr(3& XPS peak. 

the overlap of the Auger peak and Zr(3p,,z 
XPS peak. 

Comparing the Cu+ content (Table 4) 
with the catalyst activity (Table I), we con- 
clude that the CO hydrogenation activity 
cannot be explained solely on the basis of 
the Cu+ content. We suspect that the active 
sites involve the combination of Cue and a 
copper species with electronic structure be- 
tween Cue and Cu+ which is induced by the 
electronic influence of the support (i.e., in- 
terface sites (6, 37)). The high Cu+ content 
(50%) on Cu/TiOz might be the result of the 
interdiffusion and reaction between Cu and 
TiOz (36). 

CONCLUSIONS 

From the CO hydrogenation activity, the 
CO adsorption and stability, and the XPS 
data, we conclude that Cu-support interac- 
tions of significance are detectable. A p- 
type semiconductor with a work function 
higher than Cu, such as ZrOz and Cr203, 
can promote rather than inhibit CO adsorp- 
tion. The rate of CO hydrogenation is also 
increased. The n-type semiconductors have 
little or no promotion effect on CO adsorp- 
tion and hydrogenation activity. These 
results are interpreted in terms of electronic 
interactions between the supports and cop- 
per. The local and longer range character of 
various kinds of electronic interactions are 
discussed. Extensive charge transfer is not 
required to alter the chemical character of 

metal particles on supports. Metal particle 
size and the activity of the support itself are 
not responsible for the variations of the CO 
adsorption and hydrogenation on these Cu 
catalysts. High-temperature reduction of 
Cu/CrzOj produces some lower oxidation 
state sites on the Cr203 surface. We pro- 
pose that these inhibit electron density 
transfer from Cu to Cr203 and decrease the 
chemisorption of CO. Oxidation followed 
by low-temperature reduction restores the 
chemisorption state. 
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