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Abstract 

Ab initio MO calculations were carried out using the density functional method for the reaction intermediate of methanol 
synthesis by CO 2 hydrogenation. The energy change of the bridging-formate due to changing the Cu-Cu interatomic 
distance showed that the formate intermediate was formed at the neighboring Cu atoms and no significant difference was 
found in the stability of the copper crystal surface. The stability of the methanol synthesis intermediates with the atomic 
charge of Cu was also calculated. The stability of the formate and the formaldehyde intermediates increased as the total 
charge increased. The stability of the methoxy species was almost constant between a total charge of 0 to + 0.4. There 
seems to be an appropriate value for the charge of the surface copper. On the other hand, the reverse water-gas shift reaction 
producing carbon monoxide occurred on the metallic copper. The calculation of the total atomic charge distributions on 
Cu/CuO and Cu/ZnO clusters showed that the cationic copper was located only on the boundary of Cu and the oxide. The 
number of active sites increased as much as the degree of dispersion of Cu and the oxide, and a high-performance catalyst is 
expected to be designed in such a manner. 
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1. Introduct ion reaction. In the previous paper [1], the authors 
have tried to calculated probable intermediates 

The methanol synthesis from CO 2 and H 2 
on the active components of the C u / Z n O  cata- 

has received considerable attention in recent 
lyst by ab initio molecular orbital calculations. 

years because of the global warming problem. It It was found that the methanol synthesis pro- 
has been shown that C u / Z n O  catalysts are ceeded mainly on the Cu ÷ site as in Scheme 1. 
highly effective for this reaction. However, there First, CO 2 is linearly adsorbed on the Cu ÷ 
is still much controversy about the nature of the site. The H atom, which is probably adsorbed 
active components and the mechanism of reac- on the metallic copper, attacks the C atom of 
tion that takes place on them. Recent advances the adsorbed CO 2 and a formate intermediate is 
in computer technology and the methodology of formed. Then, H atoms attack the C and the O 
computer chemistry have enabled a significant atoms of the formate species, and the C - O  bond 
advance in our understanding of one of the most is broken simultaneously. A formaldehyde-type 
basic chemical processes; elementary chemical intermediate is formed on the Cu ÷ site. The H -  

on Zn, which is adsorbed on ZnO as a result of 
*Corresponding author, the heterogeneous dissociation of H 2, attacks 
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Scheme 1. CO 2 hydrogenation mechanism on Cu/ZnO catalyst proposed by ab initio MO calculations. The values in parentheses are 
relative energies in kJ/mol. 

the C atom of the formaldehyde-type species, ergy of the reaction and to promote the objec- 
and a methoxy intermediate is formed. Further- tive reaction. 
more, the H + on the O atom of ZnO attacks the A number of reaction intermediates can be 
O atom of the methoxide, and finally, methanol considered for CO 2 hydrogenation, and several 
is produced. All the relative energies of these sites are possible on the Cu/ZnO surface. In the 
intermediates were lower than that of the reac- our previous paper [1], the authors have consid- 
tant system. Moreover, the required energies of ered twenty intermediate species and tried to 
each elementary step were under 44 kJ/mol ,  identify them by ab initio MO calculations, 
and this route seems to proceed with ease. using the Gaussian 92 program (1992, Gaussian, 

In this paper, the authors have tried to eluci- Inc.). It was found that the bridging-formate, 
date the stability of reaction intermediates for formaldehyde, and methoxy intermediates were 
different crystal surfaces of copper and different important for the methanol synthesis. In this 
charges of reaction site. Furthermore, the au- paper, the authors have tried to calculate the 
thors have calculated the atomic charge distribu- stability of these intermediates and the charge 
tions of Cu /CuO and Cu/ZnO model surfaces distributions of Cu /CuO and Cu /ZnO clusters 
for the purpose of high-performance catalyst using the density functional method. 
design. All calculations were performed by a local 

method using VWN (Vosko-Wilk-Nusair) 
functionals [2]. The authors used a DNP basis 

2. Method of calculations set, which is a double-numerical quality basis 
set with polarization functions. The mesh, which 

The CPU power of computers and the controls the selection of mesh points for numer- 
methodology of computer chemistry have ical integration, was FINE and LMAXs, which 
rapidly advanced in recent years. However, it is specify the maximum angular momentum of the 
still difficult to study theoretically the reaction multipolar fitting functions, were 3 for C, O, 
mechanism on heterogeneous surfaces including and Cu, and 2 for H. The 1 s, 2s, and 2p orbitals 
metals or metal oxides by the first principle for Cu, and the Is orbitals for C and O were 
quantum chemistry because of the complexity treated as frozen core orbitals and were re- 
of reaction mechanisms and difficulty of surface moved from the molecular orbital expansions 
modeling. For this reason, we have to divide the and also from the self-consistent procedures. 
catalytic reaction into two parts, the mechanism The program used for the calculations was D- 
of reaction on the reaction site which should be Mol Ver. 2.2 (1992, Biosym Technologies Inc., 
as small as possible and the electronic state of San Diego) with the HP-9000/735 and 755 
the model clusters to lower the activation en- workstations. 
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3. Results and discussion ~(C~H) ~ 1.110 

i.lil / 
l.no 1 

There are various surfaces on copper crystals. 1.nz • l.nl l r(C-0) = 1.264 
For example, the Cu atom on (111) surface 1.112/ 1.~ 

A 1.265 1.265 adjoins six surface atoms and three atoms in the <cuoc = 112.9 1.2e4 
116.7 ~ / /  ~------~i .264 inner layer. The interatomic distance of Cu is 120 .2  t , ~ f / < 0 C 0  - 126 .4  " ~ - . ' ~ t , a  
123.7 V 127.6 

2.56A for the neighboring atoms. The Cu atom 129.7 m 128.4 Mt 

on (100) surfaceoadjoins four surface atoms at a ~ i i i  i~i ! ~ = 1.8581.845 
distance of 2.56A and the second nearest neigh- 1.8a7 
boring atoms are located 3.26A from the atom CuCu0 = 1.827 1.815 

1.808 
at the center. The bridging-formate intermediate 
links two Cu atoms and the stability can change 
as a function of the Cu-Cu interatomic dis- r(cu-cu) ~ 2.000 2.303 

tance, to clarify the stability of the bridging-for- 2.~2.800 
3.200 mate species as a different copper surface, the 3.600 

distance between the C u - f u  atoms was fixed at Fig. 2. Geometry change of bridging-formate intermediate due to 
o 

2.0-3.6A and other geometrical parameters were changing Cu-Cu interatomic distance. 
optimized. Fig. 1 shows the fully optimized 
geometry of the bridging-formate intermediate. 
The Cu-Cu distance was 2.490A, which was The diatomic cation, Cu~-, was the most stable 
slightly shorter than that of the metallic copper at r(Cu-Cu) = 2.303A and became less stable 
(111) surface. Fig. 2 shows the structural change by increasing r(Cu-Cu). The r(Cu-Cu) of the 
due to changing the Cu-Cu interatomic dis- most stable formate intermediate was 2.490A, 
tance. As the Cu-Cu distance increased from which was the bond distance of the full-opti- 
2.0A to 3.6A, the Cu-O distance decreased mized geometry. It was more stable than that of 
slightly from 1 .86 '  to 1.81A. The C-O and the r(Cu-Cu) = 2.560* by 0.3 kJ/mol;  however, 
C-H distances and the OCO angle did not the stability of the intermediate did not change 
change largely, and there was no drastic change very much compared with the change of the 
in the geometry. The energy change due to Cu~-, That is to say, the bridging-formate inter- 
changing the geometry is shown in Fig. 3. In mediate was formed at the neighboring Cu atoms 
this figure, the relative energy means the energy and there was no significant difference in the 
relative to the energy of r (Cu -Cu)=  2.560A. stability of copper crystal surfaces. 

The optimized geometries of the formal- 
dehyde and the methoxy intermediates associ- 

+0.35 H ated with methanol synthesis are shown in Fig. 
1.111 4, together with the optimized geometries of the 
+0.2e carboxyl and the formyl intermediates, which 

-0.39 seemed to be associated with the reverse water- 
gas shift reaction. To clarify where on the cop- 

~ I  i per surface these intermediates and the formate 
~ intermediate were easily formed, the authors 

k.86.6 | +os~ tried to optimize the geometries by changing the 
C u ~ ~ C u total charge from 0 to + 1 and calculated the 

Fig. 1. Full-optimized geometry of bridging-formate intermediate, energies. Because the formate intermediate con- 
Bond distances are in angstroms and angles in degrees. Italic tains two Cu atoms, the total charge was changed 
values are total atomic charges, from 0 to + 2. In order to neglect the energy 
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Fig. 3. Relative energy change of bridging-formate intermediate due to changing Cu-Cu interatomic distance. 

change of the copper, the relative energies were gies of the carboxyl and the formyl intermedi- 
defined as follows: ares were -48 .5  and - 17.6 kJ /mol ,  respec- 
AE = [ E(HCO 2 - Cu 2n+ ) - E(HCO 2 - Cu 2+ )] tively. These intermediates were more stable on 

the metallic copper than on the cationic copper 
- [  E(Cu 2n+) - E(Cu 2+)], and it seems that the reverse water-gas shift 

reaction occurred on the metallic copper. This 
for the formate intermediate and 

result is consistent with Cambell's experimental 
AE = [ E(CHxO - Cu n+ ) - E(CHxO - Cu ÷ )] result [4]. 

- [E(CUn+)-- e(Cu+)], 
+0.35 +~29 I - I  

for the other intermediates. The relative ener- l112'~r"c°c°=.t 179.6 1.114H 
gies of the intermediates as a function of the ~_~20~ \ 

117.6( ~'~.~41.112 A~107'1 
total charge are shown in Fig. 5. The stability of 1239/~1222~..~:~H+O.31 106.7/'p~"~1.113 ~.k.l'Y~l. J 108.1 

the formate (HCO 2) and the formaldehyde -02,( ~.co~=-oe 1 ~ 7 - ' H + 0 ~  
(H2CO) intermediates increased as the total O~/134.8 -~:)$1 ~ CIic°cu=-62x 

charge, n, increased. It suggested that these /11.831 / 
species were easily formed on cationic copper. [ [1.760 
The stability of the methoxy (H3CO) intermedi- C'd ~" C'd ~3s 
ate was almost constant between n = 0 and 
+ 0.4 at a value of - 1 3  kJ/mol .  This species H2CO-Cu + H3CO--Cu + (Cs) 

became slightly unstable by increasing n. There -0,o 0 -0.2  ̀+O30H 0 0.2' 
seemed to be an appropriate value for the charge OH ~ ~ 0 5  1.~a0~C o ~  ~.2n 
of surface copper. It was not inconsistent with N0 8"T'C 1~z3,.~1~3. 2 
the experimental results [3], in which a maxi- 114.1123.6 / 
mum activity of the methanol production was [1.8~ [1~ 
obtained at an oxygen coverage of 0.18. The Cu+002 C'd~o~ 
carboxyl (HOOC) and the formyl (OHC) inter- 

H O O C -  Cu ° (C s) O H C -  Cu ° (C s) 
mediates, which seem to be associated with the 
reverse water-gas shift reaction producing car- Fig. 4. Optimized geometries of formaldehyde, methoxy, car- 

boxyl, and formyl intermediates. Bond distances are in angstroms 
bon monoxide, became unstable by increasing and angles in degrees. Dihedral angles, ~-, are defined as positive 

the total charge. When n = 0, the relative crier- clockwise. Italic values are total atomic charges. 
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Fig. 5. The stability of reaction intermediates as a function of total charges. 
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Fig. 6. Total atomic charge distributions on Cu/CuO and Cu/ZnO clusters. 
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The formate and the formaldehyde intermedi- atoms which were not linked to the oxygen 
ates were more stable because of the large atoms were neutral. The total atomic charge 
positive total charge and the methoxy intermedi- distributions of these three C u / C u O  clusters 
ate was stable between n = 0 and + 0.4. Be- showed that only the Cu atoms in the narrow 
cause these intermediates seemed to be associ- region of C u / C u O  boundary were cationic. The 
ated with methanol synthesis, the charge of CuO was exchanged with ZnO and the charge 
copper was appropriate at about + 0.4. Further- distributions were calculated in the same man- 
more, the CO production by the reverse water-  ner (d) ~ (f). Similarly the Cu atoms adjacent to 
gas shift reaction seemed to occur on metallic ZnO had a positive charge of + 0.2 ~ + 0.4 and 
copper, and an appropriate charge of copper the other Cu atoms were metallic. 
seemed to enhance the production rate and the The formate and the formaldehyde intermedi- 
selectivity for methanol. In order to ascertain ates were more stable, having a large positive 
which site had an appropriate charge, the au- charge, and the methoxy intermediate was sta- 
thors calculated the atomic charge distributions ble between 0 and + 0.4. The methanol synthe- 
of C u / C u O  and C u / Z n O  cluster models. The sis seemed to occur on the boundary of  Cu and 
atomic charge distributions are shown in Fig. 6. CuO or ZnO. The number of active sites in- 
First, ten copper atoms were located in a mono- creased in the same degree as the dispersion of 
layer with a close-packed structure and one Cu and oxides, and a high-performance catalyst 
oxygen atom was added to this CUl0 layer (a). is expected to be designed in such a manner. No 
In this process, ten Cu atoms were fixed and difference between C u / C u O  and C u / Z n O  have 
only the location of the O atom was optimized, not been found; however, the dynamic stability 
The two C u - O  bond lengths were both 1.784A of the catalyst surface will have to be studied 

o 

and the two Cu • • • O lengths were both 2.540A. with larger models. 
Only the Cu atom bonded to the O atom had a 
positive charge of +0.26 and the other Cu 
atoms were almost neutral. Furthermore, four Acknowledgements 
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