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lnfrared Reflection-Absorption Spectroscopy 
and STM Studies of Model Silica-Supported 

Copper Catalysts 

Xueping Xu, Scott M. Vesecky, D. Wayne Goodman 
The structure of model silica-supported copper catalysts has been investigated with scan- 
ning tunneling microscopy (STM) and infrared reflection-absorption spectroscopy (IRAS). 
The lRAS studies of CO on the model silica-supported copper catalysts indicate that there 
are several types of copper clusters with surface structures similar to (1 1 I ) ,  (1 1 O), and other 
high-index planes of single-crystal copper. The STM studies show several types of copper 
clusters on silica and reveal images of metal clusters on an amorphous oxide support with 
atomic resolution. 

T h e  activity and selectivity of many metal- 
catalyzed reactions often are sensitive to the 
metal particle morphology (1). However, 
there are no direct techniques to determine 
the surface structure of supported metal 
catalysts with atomic resolution. Scanning 
and transmission electron microscopies 
(SEM and TEM) are widely used to exam- 
ine catalysts, but SEM does not have suffi- 
cient resolution for atomic imaging, where- 
as TEM requires thin samples and only 
yields a projected image (2). Infrared ab- 
sorption spectroscopy (IRAS) is also often 
used to characterize adsorbed s~ec ies  in 
situ, and the structure of the metal surface 
in certain cases can be inferred when the 
characteristic frequencies of an adsorbate 
on different crystal faces are available (3). 

Scanning tunneling and atomic force 
microscopies (STM and AFM) are powerful 
techniques that directly probe the surface 
with atomic resolution (4). Although STM 
has successfully imaged metal and semicon- 
ductor single-crystal surfaces and epitaxially 
grown metal films, atomically resolved im- 
ages of metal particles supported on  an 
amorphous oxide surface have yet to be 
reported. Typical catalyst support materials 
consist of amorphous oxides. Low-resolu- 
tion STM images of an oxide-supported 
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metal catalyst have been obtained (5). 
W e  report atomically resolved STM im- 

ages of a model silica-supported copper 
(CuISiO,) catalyst that include atomic- 
level images for metal particles on an amor- 
phous substrate. Complementary IRAS 
studies of CO on  the CuISiO, are also 
presented (6-8). 

The SiO, films, whose preparation on  
Mo( l l0 )  has been reported previously (9), 
were characterized with Auger electron, 
x-ray photoelectron, electron energy loss, 
IRAS, and thermal programmed desorption 
(TPD) spectroscopies (9, 10). The films 
(-100 A thick) are thermally stable up to 
1600 K, exhibit properties of vitreous SiO,, 
and have been shown to be valid models for 
the SiO, surface (9, 10). The SiO, films 
grow initially in a layer-by-layer fashion for 
the first few layers, fully covering the 
Mo( l l0 )  substrate (9, 10). The  coverage of 
Cu (Ocu) in  all cases reported here was 
determined with TPD (7). After evapora- 
tive deposition, the Cu films were annealed 
to 700 K and cooled to 300 K before being 
transferred to air for STM and AFM stud- 
ies. 

A series of IRAS spectra of CO chemi- 
sorbed on several CuISiO, catalysts is 
shown in Fig. 1. The Cu was deposited onto 
the SiO, thin film at 100 K, annealed to 
900 K, cooled to 90 K, and then saturated 
with CO. At  low Ocu [<0.3 monolayer 
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(ML)], two IR bands are apparent at 2 110 
and 2062 cm-l. As Oc, was increased from 
1.1 to 3.4 ML, a new IR band appeared at 
2094 cm-',  and the band at 2062 cm-' 
shifted to 2074 cm-'. At  15 ML of Cu,  a 
prominent band was observed at 2102 
cm-', with two shoulders at 2087 and 2070 
cm-'. Upon heating to 900 K, evaporated 
Cu forms three-dimensional (3-D) clusters 
on SiO, with a dispersion of -0.4 at an 
effective Oc, of 2 ML (8). These IR bands 
can then be assigned to specific CO adsorp- 
tion sites directly related to distinct mor- 
phologies of the 3-D Cu clusters. 

Adsorption of CO on  Cu single-crystal 
surfaces has been extensively studied by 
IRAS. Adsorption on low-index Cu planes 
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Fig. 1. lnfrared reflection-absorption spectra of 
co on copperisi~ica (1 00 A)IMO(I 10). Copper 
was deposited at 90 K and annealed to 900 K. 
The Cu coverages are 0.3, 0.5, 1.1 ;2 2, 3.4, 
and 15 rnonolayers, respectively (ML; 1 ML = 
1.3 x atorn/crn2). Carbon rnonoxlde was 
adsorbed at 90 K to saturation. 
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exhibits distinctive CO stretching frequen- 
cies (1 1-18). For example, the CO stretch 
frequency is 2070 cm-' on Cu(ll1) (12, 
13), 2093 cm-I on Cu(ll0) (14-1 6), and 
2087 cm-' on Cu(100) at saturation Oco 
(1 2, 1 7, 18). Furthermore, CO adsorption 
on the high-index Cu(21 I), Cu(31 I), and 
Cu(755) planes has also been investigated 
(I 1). A symmetric narrow band centered at 
21 10 cm- is observed on Cu(211) at sat- . , 
uration Oco, whereas a doublet is evident at 

Fig. 2- A 2000 A by 2000 A AFM image of 15 low Oco (1 I). The CO stretch frequencies 
ML of Cu on silica 100 A ) ~ ~ o ( l  ' 0 )  The CU are 2104 and 2106 cm-l for =turation oco 
cluster size is -200 k . 

Fig. 3. STM images of four areas of 0.6 ML Cu on silica (1 00 A)/Mo(llO). (A) A 170 A by 170 A image 
of a near square lattice with Cu-Cu spacing of 6.0 A by 5.4 A. (B A 80 by 80 A image of a 
rectangular lattice with Cu-Cu spacing of 5.4 by 2.9 A. (C) A 110 1 by 110 A and a (D) 120 A by 
120 A images of disordered copper clusters with interatomic spacing of 2.8 to 3.8 A. These images 
were acquired after the sample was immersed in water and dried in air. 

Flg. 4. STM images of 1.2 ML Cu on silica (1 00 A)/Mo(llO). (A) A 1 10 A by 1 10 A image of a cluster with 
a Cu-Cu spacing of 4.4 A by 2.4A. This image was acquired after the sample was exposed to water and 
dried in air. (B) A 90 A by 90 A image of the freshly prepared sample, prior to immersion in water. 

on Cu(3 11) and Cu(755), respectively 
(1 I), whereas on evaporated Cu films, CO 
typically exhibits a band at 2102 cm-' 
(1 9). The high-index surfaces as well as the 
Cu films have high densities of step sites, 
which typically yield a CO stretching fre- 
quency of -2102 cm-' (3, 11, 19) at 
saturation Oco. 

A comparison of the IR spectra for CO 
adsorbed on CuISi0, (Fig. 1) with those 
for CO on the single-crystal surfaces sug- 
gests that the CuISiO, catalysts have dis- 
tinctive crystalline facets. Specifically, the 
lowest frequency band (-2074 cm-') is 
attributed to a (1 1 1)-like structure, the 
2094 cm-' band to a (1 10)-like structure, 
and the 2108 to 2110 cm-' band to 
structures related to the high-index 
planes, such as (21 1) and (31 1). A band 
at 2087 cm-', which is only observed at 
high OCu, is assigned to CO adsorption 
onto a Cu(100)-like structure (8). 

The well-resolved IR bands indicate that 
there are several structures for CuISiO,, 
and these structures are associated with 
small clusters at low OcU. When two differ- 
ent types of CO dipoles with slightly differ- 
ent vibrational frequencies are adjacent, 
the intensity of the low-frequency band is 
transferred to the high-frequency band 
through dipole coupling (3). For example, 
for a Cu(16,15,0) surface with -6% of the 
surface atoms at step sites, IR spectra show 
that the high-frequency band is more in- 
tense, although it constitutes only a few 
percent of the CO adlayer at saturation (3, 
14). Therefore, if a small Cu cluster on 
SiO, has several different adsorption sites 
with similar CO stretching frequencies, in- 
tensity transfer would result in one primary 
CO IR absorption band with one or more 
low-frequency shoulders. The well-resolved 
bands for the low-OCu films (<3.4 ML) 
strongly suggest that there are several types 
of small Cu clusters, with each OcU exhib- 
iting clusters with one dominant structure. 
At high OcU (15 ML), AFM images show 
that the Cu grains are -200 A in diameter 
and contiguous (Fig. 2). IRAS of CO ad- 
sorbed on this film exhibits only one major 
band at 2102 cm-', attributed to CO ad- 
sorption onto step sites. The relatively low 
intensity of the other IR bands is due to 
intensity transfer from these features to the 
step sites. 

The AFM image of a thin Cu film (- 15 
ML) on SiO, (Fig. 2) shows that the 
distribution of the grain sizes of the Cu at 
this coverage is ve uniform with an 
average size of -200 1 . The SiO, film also 
exhibits some long-range features with an 
average size of -2000 A. Within each 
grain, the SiO, surface appears to be 
smooth and flat, although atomic resolu- 
tion of SiO, was not obtained. 

The STM images in Fig. 3 are of a SiOz 
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Fig. 5. (A) A 35 A by 35 A topographic image of the cluster shown in Fig. 3A. (B) A 17 A by 17 A 
topographic image of a cluster shown in Fig. 4A. 

film with Oc, = 0.6 ML, whereas the STM 
images in Fig. 4 are for -1 ML of Cu. 
These atomically resolved images were ac- 
quired at various locations on the samples. 
These images are attributed to Cu atoms on 
SiO,, in that no atomic resolution was 
realized for a SiO, without Cu. 

Several types of Cu clusters occur that 
have distinctive structures, consistent 
with the corresponding IRAS studies of 
chemisorbed CO under ultrahigh vacuum 
(UHV) conditions. The image in Fig. 3A 
exhibits a near square lattice with a spac- 
ing of -6.0 A by 5.4 A. A rectangular 
lattice with a spacing of -5.4 A by 2.9 A 
is shown in Fig. 3B. Figure 3, C and D, 
illustrate Cu clusters without ordered 
structures. The distances between Cu at- 
oms in these disordered structures are in 
the range of 2.8 to 3.8 A. 

High-resolution 3-D images are shown 
in Fig. 5 for the two Cu clusters that are 
displayed in Figs. 3A and 4A, respective- 
ly. The near square lattice (Figs. 3A and 
5A) shows additional ordered atoms along 
the Cu atomic rows, although these addi- 
tional atoms appear to be located in an 
underlying layer. A lattice spacing of 4.4 
& 0.2 A by 2.4 & 0.2 A is seen in Fig. 5B, 
in good agreement with the lattice spac- 
ing of a Cu(3 1 1) surface, 4.42 A by 2.55 
A (20). 

The STM atomic images. are only ob- 
served for Cu coverages on the order of 1 
ML. Atomic images were not realized for a 
-15-ML Cu film with STM, although 
AFM showed high-resolution, long-range 
features (Fig. 2). This difference may be 
due to the greater roughness of this thick 
Cu film compared to the thin films. For 
the ultrathin Cu films (-1 ML), the 
dispersion is very high, in the range of 0.4 
to 0.5 (8), suggesting that Cu wets the 
SiO, surface. 

Because the STM studies were per- 
formed in air, the images observed are not 
likely of pure Cu clusters, but rather of 
partially oxidized Cu. The Cu films pre- 
pared in UHV conditions have been 
shown to be metallic (8); however, upon 
exposure to oxygen the Cu films are par- 
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tially oxidized, as shown by x-ray photo- 
electron spectroscopy and TPD (1 0, 20). 
Therefore, upon exposure to air, the Cu 
films would likely be partially covered with 
oxygen and other impurities such as water 
and hydrocarbons. Exposure of the films to 
water improved the quality of the STM 
images. The STM image for a freshly 
prepared sample is shown in Fig. 4B, 
whereas Fig. 4A and Fig. 3, A to D, 
present the STM images for samples fol- 
lowing immersion in water and drying in 
air. The clean SiOt films yielded no atom- 
ically resolved images, either before or 
after immersion in water. 

Generally, the atomic spacings of Figs. 
3 and 4 do not correspond to any obvious 
crystalline facets of metallic Cu. The spac- 
ing of 4.4 A by 2.4 A for the image in 
Fig. 4A, as noted, correlates approxi- 
mately with the Cu(311) facet. Several 
compounds could be formed following 
exposure of the Cu films to air and water, 
for example, cupric oxide (CuO), cu- 
prite (CU,~) ,  and cupric hydroxide 
[Cu(OH),]. Cuprite has a cubic structure 
with a unit cell size of 4.27 A (21). The 
Cu-Cu distances are 3.02 A 
by 4.27 A and 3.02 A by 3.02 A for the 
(1 10) and (100) facets, respectively (2 1). 
These distances do not match the ob- 
served atomic spacings. Cupric oxide has a 
monoclinic structure, with Cu-Cu dis- 
tances of 2.88 A to 3.73 A (21), within 
the range of the atomic spacings in the 
images of Fig. 3, C and D. In particular, a 
close inspection of certain clusters in Fig. 
3D reveals that some Cu atoms are ar- 
ranged in a 3.0 k 0.2 A by 3.8 k 0.2 A 
rectangular structure, similar to the Cu 
rectangular spacing of 3.16 A by 3.73 A in 
the (010) plane of cupric oxide (21). 
Cupric hydroxide has an orthorhombic 
structure with a unit cell size of 10.59 A by 
5.26 A by 2.95 A (21 . The rectangular 
atomic spacing of 5.4 A by 2.9 A in Fig. 
3B is in good agreement with the Cu 
spacing of 5.26 A by 2.95 A for the (100) 
plane of the Cu (OH) , crystal (2 1 ) . 

The mechanism for the evolution of 
ordered Cu structures on an amorphous 
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SiO, substrate is not well understood. The 
SiO, films do not produce ordered low- 
energy electron dillkction (LEED) pat- 
terns, suggesting that the films are not 
ordered on the scale of the coherence 
length of the LEED beam. However, the 
annealed SiO, films may be ordered on the 
scale of the small clusters, and thus could 
serve as a template for the growth of 
ordered Cu structures. 

The use of SiO, thin films on a metal 
substrate as a model for a SiO, surface is 
particularly advantageous for the STM 
and IRAS studies. Bulk SiO, is an insula- 
tor, precluding its use in STM studies. 
Thin films of SiO, conduct current, prob- 
ably through charge carriers, and are suf- 
ficiently smooth so that they can be suc- 
cessfully investigated with STM. 
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