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Abstract 

Precursors for Cu/ZnO catalysts, with Cu/Zn molar ratios in the range from 100/O to O/100, were prepared by two 
coprecipitation methods. These methods differ by the addition rate of a mixed Cu(NO,),/Zn(NO,), solution to a NaHCO, 
solution. Characterisation by powder X-ray diffraction (PXRD), differential thermal analysis (DTA), thermal gravimetric 
analysis (TGA), FT-IR and UV/VIS spectroscopies indicated that the structure of precursors with Cu/Zn ratios in the range 
of 30/70 to 70/30 depends greatly upon the addition rate of the mixed solution. Amorphous copper hydroxycarbonate and 
sodium zinc carbonate were formed prior to the various precursors such as malachite, aurichalcite and hydrozincite. The 
Cu/ZnO catalysts subsequently formed from the precursors showed the activity for steam reforming of methanol to vary 
with its composition. Based on the results of temperature programmed oxidation (TPO) with N,O and an infrared spectra of 
CO chemisorption, the TOF of the reaction is proposed to be associated with the surface of metallic Cu. 

Keywordy: Malachite (Ml, Cu,CO,(OH),; Hydrozincite (H), Zn,(C0,)2(0H),; A urichalcite (A), (Cu,Zn),(CO,)l(OH),: Sodium zinc 
carbonate (SZC), NazZn,(CO,),; Temperature programmed oxidation (TPO): Turnover frequency (TOF) 

1. Introduction 

Steam reforming of methanol has been devel- 
oped with high selectivity and high activity on 
copper-containing catalysts [l-3]. In our previ- 
ous work, the reaction was carried out on cata- 
lysts prepared by kneading hydroxides of cop- 
per with various metal oxides and by exchang- 
ing copper (11) cations with the protons of sur- 
face hydroxyls on silica [3,4]. The catalytic 
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activation of the reaction requires copper that is 
highly dispersed on a support. However, the 
extent of dispersion of copper was restricted 
using the above two preparation methods. Re- 
cently, coprecipitation/characterization of a bi- 
nary Cu/ZnO catalysts have been developed for 
the purpose of highly dispersed copper [5-l 11. 

In this report, Cu/ZnO catalysts with various 
Cu/Zn molar ratios were prepared from a mixed 
Cu(NO,),/Zn(NO,), solution that was added 
to a NaHCO, solution. Cu-Zn hydroxycarbon- 
ates and their reduced products were character- 
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ized by PXRD, DTA, TGA, FT-IR and UV/VIS 
spectroscopies and TPO, CO chemisorption. The 
mechanism of precursor formation and effective 
catalysis of the surface of metallic Cu for the 
steam reforming of methanol are also discussed. 

2. Experimental 

2.1. Catalyst preparation 

Precursors for Cu/ZnO catalysts with Cu/Zn 
molar ratios in a range from 100/O to O/100 
were prepared by two coprecipitation methods. 
These differ by the addition rates of a mixed 
Cu(NO&Zn(NG,), solution to a NaHCO, 
solution [12]. 50 ml of mixed 
Cu(NO,),/Zn(NO,), solution (1 .O M) was 
added dropwise to 100 ml of NaHCO, solution 
(1.2 M, pH 8.2) over 90 min (denoted method 
A) or 20 min (denoted method B) at 338 K with 
stirring. The precipitates formed were further 
aged for 90 min under continuous stirring, then 
filtered, washed with deionized water and dried 
at 373 K overnight. The precipitates were de- 
noted as S,, or San, where A or B signifies the 
method employed and it signifies the mole frac- 
tion of Cu to total Cu and Zn multiplied by 10. 

The precursor was calcined at 623 K in air 
for 4 h, followed by reduction in a stream of 3% 
H, and 97% He at 483 K for 1 h. The tempera- 
ture was then raised to 523 K by 10 K/h and 
finally kept at 523 K for 1 h in pure H,, to give 
the S.-derived Cu/ZnO catalyst. 

2.2. Temperature programmed oxidation (TPO) 
of the Cu / ZnO catalysts with IV, 0 

After the reduction, the Cu/ZnO with ad- 
sorbed H, was flushed with He at 553 K for 20 
min. The temperature was lowered to 223 K 
under He and then switched to a steam of 2% 
N,O and 98% He at 100 cme3 STP/min. The 
TPO mn was carried out in a U-shaped flow 
reactor from 223 to 723 K at a heating rate of 3 
K/mm. The effluent from the reactor was ana- 
lyzed by gas chromatography. 

2.3. Reaction 

Steam reforming of methanol was carried out 
in a flow system from 413 to 563 K at atmo- 
spheric pressure, where 40 mg of the Cu/ZnO 
catalysts was loaded. An equimolar mixture of 
methanol and water was admitted by a micro- 
feeder and rapidly vaporized in a nitrogen stream 
before entering the catalyst bed. The total in- 
flow rate was kept at 100 cm3 STP/min. The 
partial pressure of either methanol or water was 
kept at 0.24 atm in an inlet of the catalyst bed. 
The reactants and products in outflow were 
determined by two gas chromatographs (Hitachi 
Model 023 and Yanagimoto Model G-1800) 
with a thermal conductivity detector. 

2.4. Characterization of the samples 

The precursor, intermediate precipitate and 
the Cu/ZnO catalysts were characterized by 
PXRD, UV-visible, DTA, TGA and diffuse re- 
flectance FT-IR spectroscopies and CO 
chemisorption. The PXRD measurements were 
carried out using a Rigaku ADP-310E with 
Ni-filtered Cu radiation [ A(K au) = 1.5418 A]. 
UV-visible spectra were recorded on a Hitachi- 
330 spectrometer with a photomultiplier detec- 
tor. DTA and TGA experiments were performed 
on Rigaku 8441A and Hitachi-50 analyzers, re- 
spectively, in which the samples were heated 
under a N, atmosphere at a rate of S”C/min. 
The FT-IR spectra of the samples were recorded 
by a Jasco-5M spectrometer with 50-100 coad- 
ded scans at 2 cm-’ resolution. The quantities 
of the various precursors present in the precipi- 
tate were determined based on the integrated 
intensities of PXRD or DTA peaks of the sam- 
ples. 

3. Results and discussion 

3.1. Characterization of the precursor 

The precursor structure was determined by 
PXRD and DTA. Fig. la illustrates the PXRD 
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patterns of precursors prepared by method A. 
SA9, S,, and S,, show only the character- 

?iii’pattern of malachite, Cu,CO,(OH), [13]. 
The peaks of malachite in S,,-S,, samples are 
broadened with increasing Zn content (Fig. la, 
lines 2-4). In contrast, the PXRD pattern for 
S S,, and S,,, show hydrozincite 
[i!?$CO,),(OH),] [14] (Fig. la, lines 5-7). 
With a careful inspection of Fig. la, lines 5-7, 
the characteristic peaks of hydrozincite in S,, 
and S,, are not broadened significantly, in com- 
parison with pure hydrozincite in S,,. The re- 
flection of malachite decreases in intensity, 
whereas the reflection of hydrozincite increases, 
with increasing zinc content (Fig. la, lines 5-7). 

Fig. lb illustrates the PXRD patterns of pre- 
cursors prepared by method B and shows a 
moderate difference from those of method A in 
Cu/Zn ratios of 70/30 to 10/90. S,, and S,, 
show the pattern of aurichalcite, (Cu, 
Zn),(CO,),(OH), [151, and malachite (Fig. lb, 
lines 3 and 4). S,, shows only the pattern of 
aurichalcite (Fig. lb, line 5). On the other hand, 

r- 0 

Ia) Method A 
D 

20 30 40 

%/degree 

S BlO and ‘B9 show the pattern of malachite 
(Fig. lb, lines 1 and 2), while S,, and S,, show 
the pattern of hydrozincite (Fig. lb, lines 6 and 
7). 

The structure of pure malachite has been 
determined by Well et al. who found a distorted 
octahedral coordination around cupric ions [16]. 
It is interesting to note that zinc can be doped 
into the malachite lattice, giving zincian- 
malachites [ 17,181. Porta et al. [8] calculated the 
lattice parameters a, b, c, p and the cell vol- 
ume ( U) of zincian-malachites and showed that 
the cell volume of the zincian-malachites de- 
creases with increasing zinc content. Our PXRD 
peaks determined that S,,, S,,, S,, and S,, 
ascribed to the monoclinic malachite structure, 
but with peaks which broaden with increasing 
Zn content. This seems indeed in contrast with 
expectations based only on the isomorphous 
substitution of Cu*+ by Zn*+ ions within the 
malachite lattice, since the octahedral ionic radii 
for Cu*’ and Zn*+ are 0.73 and 0.74 A, respec- 
tively [19,20]. The decrease of the cell volume 
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Fig. 1. PXRD patterns of the precipitates. (a) Prepared by method A, (b) Prepared by method B. (1) Cu/Zn = 100/O, (2) 90/10, (3) 
70/30, (4) 50/50, (5) 30/70, (6) lo/90 and (7) O/100. 0, malachite or zincian-malachite; 0, hydrozincite or copper-hydrozincite; E, 
amichalcite. 
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and the broadened behavior of the PXRD peaks 
for zincian-malachites, may be explained by an 
increasing covalency of the metal-oxygen bond 
and/or by less octahedral site distortion around 
the metal atoms when zinc substitutes for the 
copper ions. Both effects lead to lattice shrink- 
ing and the lower crystallinity of the zincian- 
malachite than those of the pure malachite [8]. 

It is not surprising that beyond a certain limit 
of solubility of Zn into the malachite, such as 
S, with Zn content higher than 50% and S, 
with Zn content higher than 70%, a new phase, 
hydrozincite is observed (Fig. la, lines 5-7 and 
Fig. lb, lines 6-7). SA5, SA6 and S,, are con- 
sidered as being copper-containing hydrozincite 
phase and as being the isomorphous substitution 
of Zn2+ by Cu2+ ions within the hydrozincite 
lattice. In spite of the fact that Cu2+ radius is 
shorter than Zn2+ radius, the covalent effect of 
Cu-0 has more tendency than Zn-0, to give 
elongation of the oxygen octahedra [19,20]. The 
effects of these two opposing factors can not 
result in a significant variety in the characteris- 
tic peaks and in the lattice volume between 
copper-containing hydrozincite and pure hydro- 
zincite (Fig. la, lines 5-7 and Fig. lb, lines 
6-7). On the other hand, for S, with Zn content 
higher than lo%, in addition to the zincian- 
malachite phase, a new phase richer in zinc, i.e. 
aurichalcite starts to segregate (Fig. lb, lines 
3-5). Aurichalcite is the complex sheet struc- 
ture which contains 60% octahedral and 40% 
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(7) 
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Fig. 2. DTA curves of the precipitates. (a) Prepared by method A, 
(b) Prepared by method B. (1) Cu/Zn = 100/O, (2) 90/10, (3) 
70/30, (4) 50/50, (5) 30/70, (6) lo/90 and (7) O/100. 

tetrahedral sites for divalent cations [8,21]. Re- 
gardless of the fact that they have similar PXRD 
patterns, aurichalcite can be distinguished from 
hydrozincite, as has been demonstrated previ- 
ously by Himelfarb et al. [7] and by means of a 
careful comparison for some X-ray reflections 
of these two chemically related compounds (Fig. 
lb, lines 3-7). The distinction of all Cu, Zn 
hydroxycarbonates is listed in Table 1. 

Fig. 2 shows the DTA curves of the precur- 
sors. In agreement with PXRD observations, 
DTA curves vary with Cu/Zn ratio and prepa- 
ration methods. S,iO and S,i, decompose with 

Table 1 
The distinction of Cu, Zn hydroxycarbonates 

Formula rosasite 
Symbol R 
Crystal system monoclinic 
Space group P2,/a 
Unit cell dimensions (nm) 

a0 0.940 

bo 1.230 

CO 0.340 

P 90” 
Distinguishable PXRD peaks of 14.7”, 17.3” 
Cu, Zn hydroxycarbonates 
Ref. [22,231 

zincian-malachite 
Zn-M (Cu/Zn = 77/23) 
monoclinic 
C2/m 

0.942 
1.208 
0.320 
97” 
31.4”, 24.1”, 11.9” 

[8], our work 

aurichalcite 
A 
orthorhombic 
B22,2 

2.720 
0.641 
0.529 

34.1”, 41.9O 

[24], our work 

hydrozincite 
H 
monoclinic 
C2/m 

1.358 
0.628 
0.541 
95”35’ 
47.5” 

[24], our work 
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a sharp peak maximum at 576 K, to give CuO, 
irrespective of the preparation method (Fig. 2a, 
line 1 and Fig. 2b, line 1). This confirms that 
s A10 and %HO are composed of pure malachite 
[8,25]. With an increase of the zinc content to 
50%, the peak at 576 K broadens and shifts to a 
higher temperature (Fig. 2a, lines 2-4 and Fig. 
2b, lines 2-4), suggesting that zincian- 
malachites were formed, as reported by Porta et 
al. [8,9,25]. S,, and S,, decompose with a 
sharp peak maximum at 525 K, to give ZnO 
(Fig. 2a, line 7 and Fig. 2b, line 7), indicating 
that S,, and S,, are comprised of pure hydroz- 
incite. The peak at 525 K shifts to higher tem- 
perature with increase of Cu content (Fig. 2a, 
lines 6-5 and Fig. 2b, line 6), suggesting that 
copper-hydrozincites were formed [8]. On the 
other hand, S,,, S B5 and S,, containing au- 
richalcite were detected by a peak in the DTA at 
600-614 K, transforming to CuO and ZnO (Fig. 
2b, lines 5-3) [8,26]. 

The composition of the precipitates was de- 
termined on the basis of the results of PXRD 
and DTA data. The variation of the composition 
of precursors with Cu/Zn ratio is summarized 
in Fig. 3. The composition of the precipitates 
with Cu/Zn ratios of 30/70 to 70/30 depends 
greatly upon the preparation method i.e. the 
addition rate of mixed Cu(NO,),/Zn(NO,), so- 
hmon to NaHCO, solutron. 

The decomposition temperature of our pure 
malachite agrees well with the mineral mala- 
chite [8,27]. A shift of the endothermic maxima 
from 576 to 652 K of the zincian-malachite 
phase (Fig. 2a, lines 2-41, agrees with the 
broadened peak and the shrinkage of the cell 
volume as observed by PXRD. This indicates 
that the dissolution of zinc in the malachite 
lattice induces the thermal stabilization of the 
structure. Moreover, the DTA analysis further 
confirmed that biphase, M/H in S,, and S,, 
samples (Fig. 2a, lines 6-71, M/A in S,, and 
S 85 samples, as well as A/H in S,, sample 
(Fig. 2b, lines 3-5) are present. 

On the other hand, the maximum peak tem- 
perature of pure hydrozincite showed a much 

(a) method A 

I ‘j-o-=I-+T-J 

Fig. 3. Variation of the composition of precipitates with Cu/Zn 
ratio. (a) Precipitates were prepared by method A, (b) by method 
B. M, H and A represent malachite, hydrozincite and aurichalcite, 
respectively. The composition is in molar fraction. 

lower temperature, 525 K (Fig. 2a, line 7 and 
Fig. 2b, line 71, in fair agreement with the 
decomposition temperature of 503 K given for 
this mineral [27]. A shift of the endothermic 
maxima from 525 to 550 K of the copper-hy- 
drozincite phase is observed with increasing Cu 
content. This suggests that the thermal stability 
of the zinc hydroxycarbonates increases with 
increasing copper content. The thermal stability 
of the Cu, Zn hydroxycarbonates could also be 
inferred from their standard free energies, AC” 
[28]. 

3.2. The mechanism of the precursor formation 

To confirm the effect of the addition rate to 
the composition of precipitate, the precipitate, 
S AI0 and %I0 with pure copper were sampled 
from Cu(NO,),. By PXRD, DTA and FT-IR 
spectra analyses, it was found that the structure 
of the Cu-containing precipitate was markedly 
affected by the addition rate of Cu(NO,),. The 
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Fig. 4. (a) IT-IR spectra of the amorphous precipitates, prepared 
first in 4 min by method B; (b) FT-IR spectra of malachite; (c) 
IT-IR spectra of Cu(OH), . 

precipitates showed the typical PXRD pattern of 
malachite at various stages of SAl,, preparation. 
In contrast, during the initial stage of S,,, 
preparation, the precipitate showed a PXRD 
pattern of an amorphous material. Fig. 4 shows 
FT-IR spectra of this amorphous material, as 
well as malachite and Cu(OH),. The strong 
absorption bands of the amorphous material are 
present at 1480, 1370 and 835 cm-’ (Fig. 4, 
line a), indicating that carbonate species were 
present and the float band of O-H deformation 
at 1000-1100 cm-’ is similar with that of 
Cu(OH), . Moreover, GC and PXRD confirmed 
that the amorphous material decomposed to 
CuO, CO, and H,O. These results suggest that 
the amorphous precipitate is Cu-containing hy- 
droxycarbonates and is the intermediate be- 
tween malachite and Cu(OH),. 

TGA measurement (not shown) of the amor- 
phous precipitate at different stages of S,,, 

preparation, confirmed that amorphous Cu(OH), 
was initially formed with rapid addition of 
Cu(NO,), solution, then being transformed to 
an amorphous copper hydroxycarbonate through 
the anion ligand exchange: 

2Cu( OH), + xCO,2 - + Cu,(OH),-,,(CO,). 

+ 2xOH- (1) 

Upon aging, two OH- ligands were exchanged 
by one CO:- ligand and PXRD showed the 
formation of malachite, Cu,(OH),CO, [12]. 

Similar experiments were carried out for the 
precipitates with other Cu/Zn ratios. The PXRD 
patterns showed the presence of malachite and 
sodium zinc carbonate, Na,Zn,(CO,), [29], in 
the initial stage of S, preparation. Sodium zinc 
carbonate was converted gradually with time to 
hydrozincite [31]. On the other hand, during 
S n7, S,, and S a3 preparation, PXRD showed 
the presence of sodium zinc carbonate and the 
absence of copper-containing species in the ini- 
tial stage. However, the precipitate showed a 
strong UV absorption at 800 nm, ascribed to Cu 
(II) species in octahedral sites, suggesting that 
the copper-containing species is amorphous as 
the initial stage of S,,,. It was found that 
sodium zinc carbonate initially formed, con- 
verted gradually with time to pure aurichalcite 
(S,,) or malachite and aurichalcite (S,, and 
S,,) [12,30]. 

A mechanical mixture of the amorphous ma- 
terial from Cu(NO,),, and sodium zinc carbon- 
ate from Zn(NO,),, was allowed to stand in a 
NaHCO, solution at 338 K. The mixture was 
found to convert to aurichalcite. In contrast, 
substitution of the amorphous material by mala- 
chite in such a system, sodium zinc carbonate 
was merely transformed to hydrozincite; no au- 
richalcite was detected by PXRD and DTA. 
When hydrozincite is used instead of sodium 
zinc carbonate, the amorphous material was 
converted into malachite, while hydrozincite re- 
mained unchanged. These findings strongly sug- 
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Method A 
CUz+ -> M -> M 

ZnZC -> SZC -> H 

Scheme 1. 

gest that aurichalcite was formed through a 
reaction of the amorphous material and sodium 
zinc carbonate. 

Based on these results, the mechanism of 
precursor growth is proposed in Schemes 1 and 
2. Slower addition results in the formation of 
malachite and sodium zinc carbonate (Scheme 
1); rapid addition results in the formation of a 
copper-containing amorphous material and 
sodium zinc carbonate (Scheme 2) in the initial 
stage. In this way, sodium zinc carbonate trans- 
forms to hydrozincite and malachite remains 
unchanged (method A), while amorphous cop- 
per hydroxycarbonate competitively reacts with 
carbonate ions and sodium zinc carbonate, 
transforming to malachite and aurichalcite 
(method B), respectively, in the final precipi- 
tates. 

3.3. Characterization of the CM/ ZnO catalysts 
by TPO run 

The oxidation of the copper surface with 
N,O, 

N,O(g) + 2Cus -+ (Cu-0-Cu), + N,(g) (2) 

(where s denotes surface atoms), is a well-known 
method for measuring the copper surface area of 
supported copper catalysts [31,32]. By the char- 
acterization of ultraviolet photoelectron spec- 
troscopy, Narita et al. [33] confirmed that the 
metallic Cu surface sites were transformed to 
monovalent Cu by the oxidation with N,O at 
temperatures below 373 K. Habraken et al. 
[34,35] carried out the decomposition of N,O on 

CU*+ -> Amorphous -> M 

Method B 

> 

A 

zn=+ --> SZC --z H 

Scheme 2. 

T/K 
2. 

T/K 

Fig. 5. A profile of N, formation in the TF’O run carried out on 
SAX-derived Cu/ZnO catalyst. (a) The profile between 223 and 
473 K; (b) the profile between 453 and 700 K. 

Cu (11 l), Cu (110) and Cu (100) single crystal 
surfaces, finding great difference in the reactiv- 
ity between these Cu surfaces and N,O. In this 
regard, our research focuses on developing this 
method to determine surface structure of metal- 
lic Cu of the Cu/ZnO catalysts by oxidation of 
N,O during a TPO run. 

Fig. 5a shows profiles of N, formation in a 
TPO run on S,,-derived Cu/ZnO catalyst. Upon 
feeding N,O at 223 K, N, instantly forms and 
then rapidly decreases with temperature ( a-N,). 
A second peak of N, formation appears at 400 
K ( /3-N*). Above 450 K, the N, pressure in- 
creases significantly. 

Fig. 5b shows two peaks (3” and 6-N,) of N, 
at 545 and 600 K. Beyond 633 K, 0, is evolved. 
The partial pressure of 0, in the effluent is one 
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half that of N,, indicating that N,O decomposi- 
tion, 

N,O -+ N, + l/20,, (3) 

took place. Based on these findings, one can 
consider that N,O decomposed to four types of 
oxygen species, corresponding to the cr-, p-, y- 
and SN, in the TPO run, respectively. These 
oxygen species chemisorbed on metallic Cu, 
completely converting copper to copper oxide 
during the TPO run from 223 to 633 K. The 
amount of the oxygen species is the same as 
that of N,. The four types of oxygen species 
were designated as (Y-, p-, y- and S-oxygen, 
respectively. 

When the TPO run was carried out on S,,- 
derived ZnO, a trace amount of Nz was detected 
above 650 K. The formation of N, was exceed- 
ingly slower as compared with that on S,,-de- 
rived Cu/ZnO catalyst. This strongly suggests 
that N, formation proceeded on the copper sites 
of the Cu/ZnO catalyst. 

The total amount of (Y-, /3-, and ‘y- oxygen 
species was practically the same as that of 
S-oxygen species and the amount of all oxygen 
species was in good agreement with that of the 
oxygen required for conversion of metallic Cu 
to CuO. PXRD measurement of S,,-derived 
Cu/ZnO was recorded to confirm the different 
stages of the TPO run. For the TPO run to 400 
K, where a-, and P-oxygen species predomi- 
nated, the PXRD pattern of metallic Cu and 
ZnO were observed. This suggests that cr- and 
P-oxygen species were formed on the surface 
and/or sub-surface of metallic Cu, as in Eq. 
(2). For the TPO run up to 563 K (y-oxygen 
species forming), the PXRD pattern revealed 
that metallic Cu converted to Cu,O. For the 
TPO run to 630 K (S-oxygen species forming), 
the PXRD pattern showed that the peak of 
Cu,O diminished and the peak of CuO grew 
considerably. These prove that y-oxygen species 
are due to the oxidation of bulk metallic Cu to 
Cu,O, 
N,O + Cu, + (Cu-0-Cu), + N, (4) 
(where b denotes bulk Cu atoms) and that 6 

oxygen species are ascribed to the oxidation of 
cu,o to cue, 

(Cu-0-Cu), + N,O + 2CuO + N, . (5) 

Similar TPO profiles were observed for N, 
formation on S,,,-S,, and S,,,-&-derived 
Cu/ZnO catalysts. Table 1 lists the amount of 
a- and P-oxygen species and the surface area of 
metallic Cu. Assuming spherical copper parti- 
cles and 1.7 X 1019 atoms/m2Cu [36], the aver- 
age crystallite sizes of metallic Cu, d(l) and 
d(2) were estimated from the amount of cr- 
oxygen species and the total amount of (Y- and 
P-oxygen species, respectively (Table 1). In 
Fig. 6a and b, the estimated values are com- 

I I I , I , ) , 1 
1OWO 50/.50 01 

CdZn 

M 

Fig. 6. Comparison of the average copper crystallite size. (a) 
Method A, (b) method B. 0, d(l) and 0, d (2) were estimated 
from the amount of a-oxygen species and the total amount of (Y- 
and P-oxygen species, respectively; 0, were determined by 
PXRD. 
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pared with those measured by PXRD. The d(2) 
values are well in agreement with the Cu crys- 
tallite sizes measured by PXRD. 

Bartley et al. [37] and Luys et al. [38] claimed 
that the surface and sub-surface oxidation of 
copper simultaneously occurred at 363 K during 
N,O decomposition. If P-oxygen species are 
formed on the Cu sub-surface, the d(l) values 
of Cu crystallite size should correspond with 
those measured by PXRD. However, this does 
not hold in the present experiment, suggesting 
that both (Y- and P-oxygen species were formed 
on the Cu surface. 

Scholten et al. [39] and Sengupta et al. [40] 
reported that oxidation of the bulk metallic Cu 
with N,O occurred at temperatures higher than 
373 K, where the P-peak was observed. They 
carried out the oxidation for 12 h, whereas, in 
the present TPO run, the temperature was raised 
from 373 to 423 K in 17 min. Therefore, the 
ascription of bulk Cu oxidation to the P-peak is 
not reasonable. On the other hand, Chinchen et 
al. [41] described that the surface oxidation of 
Cu was completed at 333 K by the determina- 
tion of the frontal chromatography. However, 
with careful inspection of Fig. 2 in Ref. [41], N, 
was still formed at a slow rate after the break- 
through of N,O. This slow evolution of N, 
would correspond to the P-peak in the present 
TPO run. 

Fig. 7. Plot of V,, /(V, + VO) against Cu/Zn ratio of the Cu/ZnO 
catalysts. 

3 

T/K 

Fig. 8. Plot of particle pressure of products in the outflow against 
the temperature on the SAX-derived Cu/ZnO catalyst. 

The ratio of the amount of a-oxygen species 
( V,) to the total amount of (Y- and P-oxygen 
species (V, + VP) against the Cu/Zn ratio is 
plotted in Fig. 7, in which the V,/(yx + VB> 
ratio increases with the Cu/Zn ratio, up to 
90/10. 

3.4. Steam reforming of methanol 

Fig. 8 shows the plot of partial pressure of 
products against the temperature on the S,,-de- 
rived Cu/ZnO catalyst. Carbon dioxide and 
hydrogen are the major products. The partial 
pressure of carbon monoxide and methyl for- 
mate was found to be far less than lo-’ atm 
and was therefore neglected. When the 
methanol-water mixture was admitted to the 
S,,-calcined Cu/ZnO catalyst, the reaction ini- 
tially proceeded at a fairly slow rate around 428 
K, but gradually increased as hydrogen was 
evolved. Once the catalyst was completely re- 
duced, a steady state of the reaction was rapidly 
attained which can be maintained for 20-25 h. 
An obvious feature is that the H, and CO, 
pressures quickly increase with increasing tem- 
perature and the increasing rate of formation 
tends to slow and becomes constant as tempera- 
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ture rises above 500 K. The ratio of Hz/CO, 
was the parameter indicative of selectivity, de- 
creasing with increasing temperature. 

The effect of the reaction temperature on the 
activity, selectivity and stability established that 
493 K was the optimum operating temperature. 
Table 2 lists methanol conversion, rate and 
turnover frequency of H, at steady state conver- 
sion. The kinetic parameters on 
Cu(OH),/SiO,-derived catalyst [3] are also 
listed for comparison. S,,,, M-derived Cu cata- 
lyst exhibits the lowest methanol conversion, 
0.80%, and the lowest H, rate, 14.5 cm3 
STP/min g Cu. The methanol conversion sub- 
stantially increases from 0.80% on S,,,, M-de- 
rived catalyst to 7.1% on SA9, Zn-M-derived 
catalyst and the rate of H, formation corre- 
spondingly grows from 14.5 to 146 cm3 
STP/min g Cu. On the zincian-malachite pre- 
cursor, S,,- and S,,-derived catalysts show 
methanol conversion to grow from 7.1 to 10.6% 
and the H, rate increases from 146.0 to 434.5 
cm3 STP/min g Cu with increasing zinc con- 
tent. On S,, (65%M + 35%H) and S,,(20%M 
+ 80%H)-derived Cu/ZnO catalysts, with de- 
creasing M composition from 65 to 20%, 

methanol conversion decreases from 6.8 to 1 .O% 
and the H, rate reduces from 485.5 to 227.8 
cm3 STP/min g Cu. SAO, H-derived Zn catalyst 
showed no activity for steam reforming of 
methanol. 

The Cu/ZnO catalysts derived from SBIO, 
S,, and S,, show practically the same methanol 
conversion and H, rate as S,,,, S,, and S,,- 
derived catalysts. S,,(80%M + 20%A) and 
SB,(50%M + SO%A)-derived Cu/ZnO cata- 
lysts, show 11.2 and 12.9% methanol conver- 
sion, respectively. Comparing those with S,, 
and SAs, Zn-M-derived Cu/ZnO catalysts, it 
was interestingly found that a catalyst derived 
from the A-containing precipitate, displayed a 
H, rate enhanced by 8-22%. It is further no- 
table that S,, with A-derived Cu/ZnO catalyst 
shows a H, rate of 653.4 cm3 STP/min g Cu, 
revealing an enhancement of 34.6% compared 
to that on S,, (65% M + 35% H)-derived cata- 
lyst and being about 14 times of the activity of 
Cu(OH),/SiO,-derived catalyst. The maximum 
activity of pure A-derived Cu/ZnO catalyst 
would be ascribed to tine interdispersion of Cu 
and ZnO during the treatment of precursor A. 
The activation energy of the reaction and the 

Table 2 
Surface area and dispersion degree of metallic Cu, amount of (Y- and P-oxygen species and kinetic parameters for steam reforming of 
methanol on various Cu/ZnO catalysts 

CU/i!b Method Precursor MeOH R,, a TOF a Amount of Amount of Dispersion Surface area 
(mole composition conv. a (cm- 3 (s-l) a-oxygen P-oxygen degree (m’/g Cu) 
ratio) (%o) (%I STP/ming Cu) species b species b (o/o) 

loo/O s,,, 
S a10 

90/10 s,, 

‘B9 

70/30 s,, 
S B7 

50/50 s,, 
S B5 

30/70 s,, 
S B3 

10/90 s,, 
S El 

30/70 - 
(Cu/SiO,) ’ 

M 
M 
M 
M 
M 
8OM + 20A 
M 
50M + 50M 
65M + 35H 
A 
20M + 80H 
8OA + 20H 
- 

0.80 14.5 
0.84 15.2 
7.10 146.0 
7.50 153.4 

10.3 288.6 
11.2 311.2 
10.6 434.5 
12.9 529.7 
6.8 485.5 
9.1 653.4 
1.0 227.8 
1.1 241.5 
0.67 48.2 

1.10 0.20 4.68 0.08 
0.60 0.22 9.23 0.12 
0.27 102.3 74.5 3.13 
0.29 99.8 72.4 3.05 
0.24 156.0 133.9 6.63 
0.27 156.0 120.6 6.33 
0.32 105.2 111.9 6.99 
0.33 132.3 128.9 8.49 
0.46 43.7 55.3 5.34 
0.42 72.8 74.9 7.96 
0.19 13.3 22.8 5.88 
0.12 22.0 37.9 9.74 
0.05 - _ - 

0.35 
0.67 

14.3 
14.0 
31.9 
30.4 
35.1 
42.3 
28.0 
41.7 
32.0 
53.1 
28.0 

a Data obtained at 493 K. 
b In unit of fimol/g cat. 
’ Ref. [3]. 
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ratio of Hz/CO, were practically kept at ap- 
proximately 20 kcal/mol and 3.1, respectively, 
irrespective of the preparation method and cata- 
lyst composition. 

On the other hand, the TOF of H, was 
estimated from the atoms of metallic Cu and the 
H, rate. As shown in Table 2, SA9, S,,, S,,, 
S,, and S,,-derived Cu/ZnO catalysts exhibit 
the TOF of 0.27, 0.24, 0.32, 0.46 and 0.19 s-l, 
respectively, which is a significant decrease from 
1.10 s- ’ on support-free Cu catalyst. Similar 
features for the TOF of H, on S,,,-S,,-derived 
Cu/ZnO catalysts are also observed in Table 2. 

3.5. Infrared spectra of CO chemisorbed on the 
Cu / ZnO catalysts 

Infrared spectra of the Cu/ZnO catalysts un- 
der CO chemisorption were investigated. As 
shown in Fig. 9, line g, the spectrum of S,,-de- 
rived ZnO exhibits a single band at 2188 cm- ’ , 
which is fundamental CO adsorption on ZnO 
[42]. In contrast, the spectrum of S,,,-derived 
Cu (Fig. 9, line a> shows another single band at 
2100 cm-‘. ascribed to CO adsorbed on the 
surface sites of metallic Cu [43]. For S,,, S,,, 
S A5, S,, and S,,-derived catalysts, in addition 
to the band at 2100 cm-‘, new bands emerge at 
2090 cm-’ (Fig. 9, lines b-f) and 2170 cm-’ 
(Fig. 9, lines c-e). These bands at 2100, 2090, 
2170 and 2188 cm-’ also appeared on S,,,- 
S,,-derived Cu/ZnO catalysts. 

Pritchard et al. extensively studied the in- 
frared spectra of CO adsorption on various sin- 
gle crystal faces of copper [43-461. They indi- 
cated that CO bands at 2 102-2106 cm- ’ and 
2081-2090 cm- ’ arise from CO adsorption on 
Cu( 110) and Cu( 100) surface, respectively 
[43,44], concluding that the absorption 2102- 
2106 cm-’ arise from CO adsorbed at steps or 
defects [44,46]. Here, CO adsorption at 2100 
and 2090 cm-’ strongly suggests that the sur- 
face fraction of metallic Cu has steps or defects 
and flat sites. The absorption at 2100 cm-’ 
increases in relative intensity to the absorption 
at 2090 cm- ’ with the increase of the Cu/Zn 

2200 2100 2ooo 

Wave number /cm-l 

Fig. 9. FT-lR spectra of CO adsorbed on various Cu/ZnO 
catalysts prepared by method A. Cu/Zn ratios: (a) 100/O; (b) 
90/10; (c) 70/30; (d) 50/50; (e) 30/70: (f) 10/90; (g) O/100. 

ratio up to 90/10. Comparing these with the 
ratio V,/(V, + VP) in Fig. 7, one is convinced 
that the a-oxygen species formed on the steps, 
comers and/or defects sites of the Cu surface, 
corresponding to CO adsorption at 2100 cm- ’ , 
while the P-oxygen species formed on the flat 
sites of the Cu surface, corresponding to CO 
adsorption at 2090 cm- ‘. 

Shriver et al. [47,48] demonstrated that the 
reaction between metal carbonyls such as 
Fe,(CO), and Ru,(CO),, and Lewis acids such 
as AlCl, and BF,, results in the red shift of the 
CO bands. The bifunctional chemisorption of 
CO on conventional IU-Mn, Rh-Ti, Rh-Fe, 
Rh-Zr and Ru-Co/SiO, catalysts, also leads 
to a similar red shift of CO bands [49-511. Klier 
et al. [52-541 studied the structures and the 
morphology of the Cu/ZnO catalysts by PXRD, 
scanning transmission electron microscopy 
(STEM) and diffuse reflectance. They found 
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that noncrystallite Cu dissolved in ZnO on the 
Cu/ZnO catalysts with Cu/Zn the ratios of 
80/20 to 15/85. Here, the 2170 cm-’ band 
showed approximately a 20 cm- ’ red shift, 
comparing the fundamental adsorption of CO on 
ZnO, which may arise from q*-CO bonding on 
the Cu-Zn*+ sites of S,,_,,-derived catalysts. 

There has been extensive research on 
Cu/ZnO-based methanol synthesis/water-gas 
shift catalysts [5,10,55-591, but the nature of 
the active center still remains controversial. The 
ICI groups et al. [10,55,56] claimed that the 
principal active site for these reactions is on a 
particle of copper metal. However, several re- 
searchers [5,6,60&l] stimulated much interest 
with their proposal that isolated Cu+ species 
dissolved in, or supported on, the ZnO phase 
was the key element. Campbell et al, [65-671 
have recently measured methanol synthesis and 
reverse water-gas shift from CO, and H, mix- 
tures on copper model catalysts, inferring struc- 
tural sensitivity and the principal active site of 
metallic Cu for these reactions on the Cu/ZnO 
catalysts. Here, steam reforming of methanol is 
the reverse reaction of methanol synthesis from 
CO,, and closely related to reverse water-gas 
shift. The Cu surface structure and surface area 
of Cu/ZnO catalysts were measured by the 
TPO with N,O. In this context, the principal 
active site of the Cu/ZnO catalyst is regarded 
as steam reforming of methanol. In Table 2, it is 
observed that H, rate or methanol conversion 
increases with increasing metallic Cu surface 
area. This is an indication that the catalytic 
activity depends on metallic Cu surface area 
alone. The TOF for the Zn-free catalyst is higher 
than that of any of the binary Cu/ZnO catalysts 
by a factor of between 2 and 5. This is consis- 
tent with the inference that metallic Cu surface 
catalyze steam reforming of methanol. How- 
ever, for Cu/ZnO catalysts, a disproportionate 
relationship exists between the amount of (Y- 
oxygen species (V,,), the amount of P-oxygen 
species (VP> or the ratio of Vu/V, + VP, against 
the turnover frequency of H, (not shown). 
Namely, the TOF does not correlate with either 

the total metallic Cu surface area, the area of 
metallic Cu step or defect sites, or the area of 
metallic Cu terrace sites. Nakamra et al. [68] 
claim that the Zn is actually poisoning the 
metallic Cu slightly, from the model catalyst of 
the Zn-deposited polycrystalline Cu surface with 
Zn coverage above 8,” = 0.17, catalyzing 
methanol synthesis. Nix et al. [69] reported that 
the reducibility of ZnO is substantially en- 
hanced in the presence of metallic Cu, which is 
clearly evident following treatment in H, at 
temperatures exceeding 523 K. In the present 
experimental condition, the surface ZnO of 
Cu/ZnO catalyst could be partly reduced to Zn 
as surface metallic Cu appearing, proposing the 
surface Zn atoms which poison the surface 
metallic Cu. These patterns borne out the vari- 
ety of the TOF with Cu/Zn ratio of Cu/ZnO 
catalysts, as listed in Table 2. We predict that 
the TOF should accurately correlate with the 
surface Cu/Zn atomic ration of Cu/ZnO cata- 
lysts. But, because of the difficulty for precise 
measurement of the surface Zn atoms, it does 
not prove feasible to extract direct correlation 
between the TOF and the surface Cu/Zn atomic 
ratio. 

4. Summary 

Steam reforming of methanol, CH,OH + 
H ,O + CO, + 3H *, was carried out on various 
Cu/ZnO catalysts derived from precursors pre- 
pared by one of two addition rates of a mixed 
Cu(NO,),/Zn(NO,), solution to a NaHCO, 
solution. The precursors and their reduced prod- 
ucts were characterized by PXRD, DTA, TGA, 
FT-IR, UV, TPO with N,O and CO chemisorp- 
tion. Based on the analyses of the results, we 
concluded as follows: (1) The addition rate 
affects the local concentrations of copper and 
zinc cations, resulting in the observed difference 
in the formation of the intermediate, such as 
amorphous copper hydroxycarbonate and 
sodium zinc carbonate. This is reflected in the 
final composition of the precipitates, such as 
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malachite, aurichalcite and hydrozincite. (2) The 
a- and P-peaks of the TPO run resulted from 
the oxidation of the metallic Cu surface having 
steps, corners and/or defect sites and flat sites, 
respectively, corresponding to CO chemisorp- 
tion at 2100 and 2090 cm-‘, respectively. The 
average crystallite sizes of Cu, estimated from 
the total amount of (Y- and P-peaks, agreed well 
with those determined by PXRD. (3) The 
Cu/ZnO catalysts showed the activity of steam 
reforming of methanol to vary with composi- 
tion. This activity originates from metallic Cu 
surface. 
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