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The differences in promotional effect of the Group IA elements on unsupported copper catalysts 
for carbon monoxide hydrogenation have been examined. Methanol was selectively produced on 
all catalysts at 523 K, 5 MPa, and with a feed gas of molar composition HZ/CO = 2. When 
normalized with respect to surface area, the methanol synthesis rate was found to increase by an 
order of magnitude from Li to Cs with the majority of the increase occurring from Na to K. On the 
basis of apparent activation energy measurements, X-ray photoelectron spectroscopy, and scan- 
ning electron microscopy results, activity differences were attributed to differences in the concen- 
tration of Cu+ species at the surface and not to electronic effects. Alkali-cuprates, for example 
LiCuO, were determined not to be the active phase responsible for Cu+ stabilization. Under 
conditions more favorable for higher alcohol synthesis, 573 K and HZ/CO = 1, little change in 
selectivity was observed for the Na-, K-, Rb-, and Cs-promoted catalysts. However, the lithium- 
promoted catalyst produced an equimolar mixture of normal alcohols and hydrocarbons. Both 
product distributions were found to give linear Flory plots with propagation constants of 0.3 for 
alcohols and 0.5 for hydrocarbons. 8 1989 Academic PWSS, Inc. 

INTRODUCTION 

The ability of potassium to promote un- 
supported copper for the synthesis of meth- 
anol from carbon monoxide and hydrogen 
has been reported previously (I). The role 
of potassium was to stabilize cuprous ions 
under reduction and reaction conditions. 
The mechanism of the potassium-copper 
interaction responsible for the formation of 
cuprous ions was not elucidated. However, 
phase formation was suggested as one pos- 
sible mechanism for cuprous ion stabiliza- 
tion. 

Klier and co-workers have reported that 
the Group IA elements also promote the 
synthesis of methanol over copper-zinc ox- 
ide catalysts (2, 3). The promotional effect 
increased monotonically from Li to Cs. At 
high temperatures and low Hz/CO ratios, 
the selectivity to higher alcohols was en- 
hanced and increased from 6 wt% for Li to 
15 wt% for Cs. At similar promotion levels 
and reaction conditions, except higher 
pressure, Smith and Anderson have re- 

ported selectivities to higher alcohols as 
great as 34 wt% for copper-zinc-aluminum 
oxide catalysts impregnated with potassium 
carbonate (4). Unlike molybdenum sulfide 
(5, 6) and copper-cobalt-chromium (7, S), 
which are higher alcohol catalysts where 
the alcohol distribution is consistent with 
the Flory equation, alkali-promoted, cop- 
per-zinc oxide catalysts have an alcohol 
distribution that is better modeled by a 
chain growth scheme allowing for one to 
two carbon additions to the growing alcohol 
at the hydroxylated carbon atom or the car- 
bon atom directly next to it (4). This 
scheme accounts for the high isobutanol 
fraction (up to 36%) found in the higher al- 
cohol product. The ability of the Group IA 
elements to promote the higher alcohol syn- 
thesis for unsupported copper-alkali cata- 
lysts under conditions (high temperature, 
low HZ/CO ratio) favorable for higher alco- 
hol formation has not been previously in- 
vestigated. 

In this study we have examined the dif- 
ference in promotional effects of the Group 
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IA elements on unsupported copper cata- 
lysts. Catalytic behavior was evaluated un- 
der both methanol synthesis conditions 
(523 K, HZ/CO = 2) and conditions more 
favorable for higher alcohol synthesis (573 
K, HZ/CO = 1). The chemical nature of the 
catalyst was probed with X-ray photoelec- 
tron spectroscopy, powder X-ray diffrac- 
tion, scanning electron microscopy, and ap- 
parent activation energy measurements. 
The role of alkali-cuprate compounds, for 
example, LiCuO, as active phases in the 
copper-alkali catalysts was also investi- 
gated . 

EXPERIMENTAL 

The method of catalyst preparation was 
similar to that outlined by Courty et d. (8) 
for alkali-promoted, copper-cobalt-based 
higher alcohol catalysts. Briefly, citric acid 
was added to an aqueous solution of alkali 
nitrate and cupric nitrate to yield one gram 
equivalent of acid per gram equivalent of 
copper and alkali ions. The resulting solu- 
tion was vacuum evaporated at room tem- 
perature to form a thick slurry that was sub- 
sequently dried overnight at 353 K in a 
conventional convection oven. The solid 
obtained was calcined at 623 K in air for 4 
h. It was observed that at approximately 
473 K, catalyst precursors rapidly decom- 
posed with the evolution of large amounts 
of heat and gas. Copper and alkali concen- 
trations were verified by atomic absorption 
and flame emission spectroscopies of the 
calcined catalysts. 

Catalysts were evaluated in a single-pass, 
fixed-bed microreactor system detailed 
elsewhere (I). All catalysts were reduced in 
situ before synthesis gas exposure by use of 
a 10% Hz in argon gas mixture at 523 K - 
atmospheric pressure. A small tempera. Ire 
rise (10 to 15 K) was noted initially upon 
hydrogen exposure. Carbon monoxide con- 
versions were less than 10 mol%, minimiz- 
ing heat and mass transfer limitations as 
well as avoiding methanol equilibrium con- 
ditions. Surface areas of freshly reduced 
and used catalysts were determined from 

multipoint BET adsorption isotherms ob- 
tained with a Micromeretics 2100E Accu- 
sorb instrument using Kr at 77” K as the 
adsorbate. 

Powder X-ray diffraction patterns were 
obtained with an automated Picker theta- 
theta diffractometer using MoKa radiation. 
The step size was 0.04” per step with a 
counting time of 6s per step. Low-surface- 
area quartz (c&SiO;?), used as an internal 
standard, was mixed thoroughly with all 
samples at a concentration of 5 wt%. The d- 
spacing of the a-SiQ2 (101) reflection was 
referenced to 3.342 A. To avoid sample ex- 
posure to air after reduction or synthesis 
gas exposure, a sample chamber utilizing a 
beryllium window was constructed. The 
design of the cell is shown in Fig. 1. Heat- 
ing tape was used to heat the samples to 
reaction temperatures. To obtain reduced 
catalyst spectra, a flow of 10% Hz in argon 
at atmospheric pressure was passed over 
the sample for 4 h. In studies where synthe- 
sis gas exposure was performed, the cata- 
lyst was first reduced as described above, 
and then a synthesis gas of molar composi- 

TOP VIEW 

FIG. 1. Controlled atmosphere X-ray diffraction 
cell. 
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tion Hz/CO = 2 was passed over the cata- 
lyst at atmospheric pressure for up to 16 h. 

X-ray photoelectron spectra were ob- 
tained with an AEI 200B spectrometer us- 
ing AlJ& radiation. Binding energies of the 
photoemitted electrons were assigned by 
referencing the carbon Is peak of adventi- 
tious carbon to 285.0 eV. Samples were 
prepared by loading the catalyst into soda- 
lime glass tubing, by treating them with a 
10% HZ in argon gas mixture at atmospheric 
pressure and 523 K for 4 h, and then by 
evacuating and sealing the tubes. The tubes 
were then transported to and opened in a 
helium dry box attached directly to the 
spectrometer. XPS data were quantitated 
using the equation 

Xi = (Z;/Si)/( C Zi/Si) 9 
j 

where Xi, Zi, and Si are the mole fraction, 
integrated intensity, and sensitivity factor 
of element i, respectively. The summation 
was performed over the j species observed 
in the XPS spectra. Sensitivity factors used 
were handbook values (9) except in the 
case of copper where the sensitivity factor 
was back-calculated using LiCuO as a ref- 
erence compound. 

RESULTS 

Catalytic Behavior of Copper-Alkali 
Catalyst 

The mole fraction of alkali relative to 
copper incorporated in the catalyst and the 
resulting catalyst surface areas are given in 
Table 1. Surface areas are reported for cat- 
alysts immediately following hydrogen pre- 
treatment and after synthesis gas reaction. 
Catalyst surface areas are observed to de- 
crease by a factor of 10 from Li to Cs. 

The methanol synthesis activity of the 
copper-alkali catalysts is summarized in 
Table 2. Synthesis gas of molar composi- 
tion H2/C0 = 2 was used at 523 K and 5 
MPa. As reported previously (I), the un- 
promoted copper catalyst is inactive. For 
promoted catalysts, the selectivity to meth- 
anol was greater than 98 wt% in all cases 

TABLE 1 

Composition and Surface Areas of Copper-Alkali 
Catalysts 

Alkali Mole fraction Surface area 
alkali” (m2M 

Fresh Used 

None 0 -b 1.22 
Li 0.40 I .73 1.04 
Na 0.38 1.04 0.78 
K 0.25 0.83 0.33 
Rb 0.30 0.35 0.17 
cs 0.30 0.14 0.10 

” Defined by mol alkali/(mol alkali + mol Cu). 
b Not measured. 

except for Li where the selectivity was 90 
mol%. Under these conditions, methane 
and ethanol were the primary by-products 
with traces of higher hydrocarbons for all 
catalysts. When expressed per weight of 
catalyst, the activity differences do not fol- 
low any trend. In addition, catalysts are ob- 
served to lose activity with time on stream 
until they reach steady-state values. How- 
ever, when the data are compared on a sur- 
face area basis, the initial and steady-state 
activities are nearly the same indicating 
that sintering is fully responsible for the 

TABLE 2 

Initial and Steady-State Methanol Synthesis Rates” 

Alkali Activity Activity 
(kg/g cat/h) (kg/m2/h) 

x 103 x 10s 

Initial Steady Initial Steady 
state state 

None 0 co.2 0 to.2 
Li 1.7 1.0 1.0 1.0 
Na 1.6 1.4 2.0 2.1 
K 9.6 5.1 12 15 
Rb 4.9 3.1 14 18 
cs 2.6 1.4 18 14 

” T = 523 K, P = 5 MPa, H&O = 2, GHSV = 4000 
h-‘. 
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FIG. 2. Arrhenius plots for methanol synthesis on 
copper-alkali catalysts at 5 MPa and Hz/CO = 2. 

activity decrease observed with time on 
stream. An order of magnitude increase in 
the surface area normalized activity was 
found descending the Group IA elements 
from Li to Cs with the majority of the in- 
crease occurring from Na to K. 

Apparent activation energies for metha- 
nol synthesis were evaluated from the Ar- 
rhenius plots shown in Fig. 2. There is a 
small change in the apparent activation en- 
ergy from Li, with an apparent activation 
energy of 11 kcal/mol, to Cs, with an appar- 
ent activation energy of 12.9 kcal/mol. 
These values are more typical of ones re- 
ported for supported Rh (10-12) or Pd (23, 
14) catalysts than of alkali-promoted cop- 
per-zinc oxides, where a value of 18 kcal/ 
mol has been reported for a cesium-pro- 
moted catalyst (3). 

Increasing the reaction temperature to 
573 K and lowering the HZ/CO molar ratio 
to unity had little effect on the selectivity 
except in the case of Li where a variety of 
hydrocarbons and alcohols was observed 
(see Table 3). Unlike alkali-promoted cop- 
per-zinc oxide catalysts where significant 
branching is observed (4), the higher alco- 

TABLE 3 

Activity and Selectivity of Copper-Alkali Catalysts 
under Higher Alcohol Synthesis Conditions” 

Alkali Activity x 10) 
(ml CO/m*/h) 

Selectivity (mol %) 

Hydro- Alcohols 
carbons 

c, cz c: + Cl C? 

Li 0.6 31.1 18.7 40.8 6.9 2.5 
Na 0.3 10.6 2.4 87.0 - - 
K 2.3 1.4 - 98.0 0.6 - 
Rb 3.5 1.4 0.3 98.2 0.1 - 
CS 9.3 2.2 0.7 96.8 0.4 - 

u T = 573 K, P = 5 MPa, HJCO = I, GHSV = 4000 h-‘. 

hols formed were linear. Moreover, the al- 
cohol and hydrocarbon distributions were 
consistent with Flory theory (see Fig. 3). 
The chain growth probability factors were 
substantially different with values of 0.30 
for alcohols and 0.53 for hydrocarbons. 
When the mole fractions of both functional- 
ities were combined, a chain growth proba- 
bility factor of 0.37 was obtained. 

Characterization of Copper-Alkali 
Catalysts 

X-ray powder diffraction patterns for the 
copper-alkali series revealed copper metal 
to be the only bulk copper phase present. 
The lattice parameters for the copper metal 

-2.8 
0 1 2 3 4 5 5 7 8 

CARBON NUMBER 

FIG. 3. Flory plot of alcohols and hydrocarbons pro- 
duced on Cu-Li catalyst at 573 K, 5 MPa, and Hz/CO 
= 1. 
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in the catalyst agreed well with those re- 
ported for pure copper metal in the litera- 
ture (15). A very weak pattern correspond- 
ing to the various alkali carbonates was also 
observed. As we have noted previously for 
a copper-potassium catalyst (I), most of 
the alkali in the catalyst is invisible to this 
technique, indicating that the alkali is in 
either a microcrystalline (~20 A> or an 
amorphous phase. Scanning electron mi- 
croscopy coupled with energy-dispersive 
spectroscopy of reduced copper-alkali cat- 
alysts revealed no areas of unusually high 
alkali concentrations such as have been ob- 
served with certain preparations of copper- 
potassium catalysts (I). For each catalyst, 
the copper-to-alkali ratio was constant from 
particle to particle, indicating that the alkali 
was homogeneously distributed. 

In order to evalaute the chemical state of 
copper at the surface, X-ray photoelectron 
spectroscopy of reduced catalyst samples 
was performed. The use of reduced cata- 
lysts instead of synthesis gas-treated sam- 
ples is justified by the excellent initial activ- 
ity of the catalysts. Examination of the Cu 
2p312 region revealed only one peak at a 

cu+ cue 

I I 
I I 
I I 

r I I , I I I 
1840 1843 1846 1849 1852 1855 1656 

a+hv(eV) 

FIG. 4. L3M&.,5 X-ray-induced Agar transitions 
for reduced copper-alkali catalysts. 

TABLE 4 

C 1s Binding Energies of Carbonate 
Species in Copper-Alkali Catalysts 

Alkali C-Is binding energy (eV) 

Li 291.4 

Na 289.7 

K 289.2 

Rb 289.0 

cs 288.9 

binding energy of 93 1.5 eV for the Na, K, 
Rb, and Cs catalysts and at 930.3 eV for the 
Li-promoted catalyst. The Cu 2p3j2 peak 
had no satellite structure and was assigned 
to Cu+ or Cue species. Differentiation of 
Cu+ or Cue species was performed by ex- 
amination of the positions of the L3M4,5M4,5 
Auger transition relative to the Cu 2~312 po- 
sition. Figure 4 is a plot of the L3M4,sMd.j 
region for the copper-alkali series. The ab- 
scissa of Fig. 4 is referred to as the modified 
Auger parameter (16) and is defined by 

a + hu = KELMr,., - BE,,,. 

The Auger parameter, (Y, is the difference 
of the kinetic energy of the LMM Auger 
transitions (KELMM) and the kinetic energy 
of the 2p3j2 photoemitted electron (KE,,,,). 
The addition of hv, the excitation energy, to 
(Y allows for the modified Auger parameter 
to be independent of the excitation energy 
since hu - KE,,, is simply the binding en- 
ergy of the 2p3~2 photoemitted electron. The 
advantage of using Auger parameters is that 
static charging effects subtract out. The 
peaks at 1848.8 and 1850.6 eV correspond 
to Cu+ and Cue species, respectively. The 
extra peak at 1853 eV for the sodium-pro- 
moted catalyst is the NaKLrLr Auger tran- 
sition. 

The presence of carbonate species was 
also detected in the C 1s spectra. The bind- 
ing energies of the C 1s line for the catalysts 
are listed in Table 4. The 289.7 eV value for 
the copper-sodium catalyst agrees well 
with that reported for sodium carbonate 
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TABLE 5 

Surface Concentration of Cu+ and Stoichiometry 
of Alkali, Oxygen, and Carbon (as Carbonate) 

as Determined by XPS 

Catalyst Mole fraction 
cu+ 

Alkali, oxygen, 
and carbon 

stoichiometry 

Cu-Li 0.006 
Cu-Na 0.018 
Cu-K 0.048 
Cu-Rb 0.050 
cu-cs 0.064 

LW0.903 
Na&&03 
K,.Ko no3 
Rbl dG.0703 

cs, &I or03 

(17). The observed decrease in the C 1s 
binding energy of the carbonate species 
when descending from Li to Cs corre- 
sponds with the decrease in electronegativ- 
ity. 

The surface concentrations of copper, al- 
kali, oxygen, and carbon (as carbonate) 
were determined using methods described 
earlier. Although Cu+ and Cue have the 
same Cu 2~~1~ binding energy, it was possi- 
ble to evaluate their respective surface con- 
centrations by calculating the proportion of 
copper as Cu+ and Cue from integration of 
the L3M4,5M4,5 Auger transitions. This 
method of determining the Cu+ and Cue 
concentrations was warranted by the obser- 
vation that Cu+ (as LiCuO) and Cue metal 
had identical sensitivity factors and Cu- 
L3M4,SM4,5 to Cu 2~312 integrated intensity 
ratios. When the XPS data were quanti- 
tated, two items became evident (see Table 
5). First, the concentration of Cu+ at the 
surface of the copper-alkali catalysts was 
found to increase in the order Li < Na < K 
< Rb < Cs. Second, the concentration of 
alkali, oxygen, and carbon (as carbonate) 
was very close to stoichiometric for alkali 
carbonate. 

Preparation and Characterization 
of LiCuO 

One possible phase that accounts for the 
formation of cuprous ions in copper-alkali 
catalysts is that of alkali-copper oxides 

that have been synthesized and character- 
ized by Hestermann and Hoppe (I@, 
Hoppe et al. (19), and Klassen and Hoope 
(20). In order to understand what role, if 
any, these compounds may play in the syn- 
thesis of methanol, LiCuO was prepared. 
LiCuO was chosen over the other alkali- 
cuprate oxides because of the surprising 
product distribution observed for the Cu- 
Li catalysts at higher temperatures and a 
low H&O ratio. 

We prepared LiCuO by heating a mixture 
of L&O (Pfaultz and Bauer, 95%) and CuZO 
(Cerac, 99.9%) in quartz tubing under vac- 
uum at 1113 K for 12 h (21). Ten mole per- 
cent excess Liz0 was added to the initial 
mixture. After heating, unreacted L&O was 
removed by washing the product with an- 
hydrous methanol. The powder X-ray dif- 
fraction pattern revealed only LiCuO to be 
present. LiCuO is yellow and hydrolyzes in 
air. 

The catalytic behavior of LiCuO at 523 K 
is summarized in Table 6. the selectivity to 
methanol was 99 wt%. The steady-state ac- 
tivity of LiCuO was comparable to that for 
the Cu-Li catalyst. However, the initial ac- 
tivity was only 15% of the steady-state ac- 
tivity, suggesting that LiCuO was modified 
by synthesis gas exposure. At 573 K and a 
HZ/CO ratio of unity, the selectivity to 
methanol was still approximately 99 wt%. 
To help elucidate the changes in the chemi- 
cal nature of LiCuO that occurred upon 

TABLE 6 

Comparison of Catalytic Behavior of Cu-Li 
Catalysts with CuLio” 

Catalyst Surface area Activity 
W/g) (kg CH,OH/m?h) 

Fresh Used initial Steady state 

Cu-Li 1.73 1.04 1.0 x IO-’ I.0 x 10-S 
CuLiO 2.32 1.68 0.3 x IO-’ 2.0 x IO-’ 

” T = 523 K, P = 5 MPa, Hz/CO = 2, GHSV = 4000 
h-‘. 
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FIG. 5. X-ray diffraction patterns of LiCuO after hydrogen and synthesis gas exposure: (a) no 
treatment, (b) after 6 h of hydrogen exposure, (c) after 2 h of synthesis gas exposure, (d) after 16 h of 
synthesis gas exposure. 

synthesis gas exposure, we employed X- 
ray diffraction. The diffraction patterns 
shown in Fig. 5 were collected in the sam- 
ple chamber described earlier. LiCuO was 
treated with synthesis gas for 2-h intervals 
at atmospheric pressure and 523 K. Be- 
tween intervals the cell was purged with he- 
lium and transferred to the diffractometer 
for analysis. At no time were the contents 
of the cell exposed to the atmosphere. Be- 
fore synthesis gas exposure, LiCuO was 
treated with pure hydrogen for 6 h at 0.1 
MPa and 523 K. The diffraction pattern ob- 
tained after hydrogen treatment was identi- 
cal to that for LiCuO except for the small 
peaks marked “Cu,” which were due to 
copper metal. Overall, LiCuO was rela- 
tively stable under a hydrogen atmosphere 
at 523 K. After 2 h of synthesis gas expo- 
sure, the amount of copper metal increased 
dramatically. After 16 h of this exposure, 
only a trace of LiCuO remained. Addition- 
ally, a small amount of lithium carbonate, 
denoted “LC,” was found. It is surprising 
that despite the presence of an equimolar 
amount of lithium to copper, the lithium 
disappeared from the diffraction pattern in 
a manner similar to that of the alkali-pro- 

moted copper catalysts. The L3M4,5M4,5 X- 
ray-induced Auger spectrum of synthesis- 
gas-exposed LiCuO was similar to that 
shown in Fig. 4 for the Cu-Li catalyst. The 
binding energy of the Cu 2p3j2 emission was 
931.7 eV, similar to that found for the Na-, 
K-, Rb-, and Cs-promoted catalysts. 

DISCUSSION 

The methanol synthesis rate, normalized 
with respect to surface area, on unsup- 
ported copper-alkali catalysts was found to 
increase by an order of magnitude progres- 
sively from Li to Cs. Interestingly, most of 
this increase occurs from Na to K with the 
activity of Li- and Na-promoted catalysts 
being comparable and that of K-, Rb-, and 
Cs-promoted catalysts being comparable. 
The steady-state methanol synthesis rate 
for the K-, Rb-, and Cs-promoted copper 
catalysts was approximately 15 x 10e5 kg/ 
m2/h, which is a factor of 5 greater than the 
3 x lo-’ kg/m2/h value reported for a Cs- 
promoted, copper-zinc oxide catalyst at 
523 K, 7.5 MPa, with a synthesis gas of 
molar composition H&O = 2.3 (3). The 
apparent activation energies for the catalyst 
series are only different by 1.9 kcaVmo1, 
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which is within the limits of experimental 
error. Although the values are within ex- 
perimental error, there is a definite decreas- 
ing trend in activation energies from Li to 
Cs. Vedage et al. (2) have proposed that the 
role of alkali ions in alkali-promoted, cop- 
per-zinc oxide catalysts is to allow for 
methanol production through hydrogena- 
tion of alkali formate intermediates pro- 
duced by the reaction of alkali hydroxide 
with carbon monoxide. The increase in 
methanol production from Li to Cs was hy- 
pothesized to result from the corresponding 
increase in basicity. One would therefore 
expect that if alkali formates were impor- 
tant intermediates in methanol synthesis for 
the catalysts of interest here, then the acti- 
vation energy would decrease from Li to 
Cs. However, if the alkali compounds 
present in the catalyst were donating elec- 
tron density to Cu+ species, presumably the 
active site in methanol synthesis (22, 23) to 
make the catalyst more metallic-like, then 
the activation energy would increase. The 
increasing activation energy found in the 
work presented here, coupled with the 
presence of Cu+ species detected via XPS, 
is consistent with this latter explanation. 

As shown in Fig. 6, the initial rate of 
methanol synthesis, normalized with re- 
spect to surface area, correlates with the 
concentration of Cu+ at the surface as de- 
termined by XPS. Since the SEM/EDS 
results indicated that the alkali is homoge- 
neously distributed throughout the catalyst, 
the increase in Cu+ concentration is inter- 

20 CS 

15 Rb 

10 
K 

5 

0 E ',i 
ONa 

0.00 0.02 0.02 0.06 0.08 

Cu+ SURFACE MOLE FRACTION 

FIG. 6. Rate of methanol synthesis as a function of 
Cu+ concentration as determined by XPS. 

preted to be an indication that K, Rb, and 
Cs are more capable of forming the Cu+ 
species than Li and Na. A similar conclu- 
sion has been reached using 65Cu NMR 
(24). Considering that the increase in acti- 
vation energy from Li to Cs would tend to 
decrease the rate of methanol synthesis, the 
increase in activity from Li to Cs must be 
attributed to differences in the concentra- 
tion of active sites and not to electronic ef- 
fects. 

The mechanism by which Cu+ species 
are stabilized in the catalyst is indicated by 
the work reported here. The poor initial 
activity and subsequent decomposition of 
LiCuO upon synthesis gas exposure elimi- 
nates alkali-cuprates as possible active 
phases. XPS results indicate that the alkali 
component of the catalysts is present only 
in the carbonate phase. One could specu- 
late that the stabilization of cuprous ions 
occurs by formation of a mixed metal car- 
bonate, for example, KCuC03. Although 
the synthesis of alkali-copper carbonates 
has not been reported in the literature, the 
synthesis of alkali-silver carbonates has 
been noted (25). Subsequent work with 
NMR of 133Cs in the cesium-promoted cata- 
lyst supports this view (24). 

The behavior of the Cu-Li catalysts un- 
der higher alcohol synthesis conditions (573 
K, H&O = 1) was quite unexpected. 
Whereas alkali-promoted, copper-zinc ox- 
ide catalysts retain high alcohol selectivity 
and produce a large fraction of branched 
alcohols, the Cu-Li catalyst produced a 
Flory distribution of normal alcohols and 
normal hydrocarbons more typical of al- 
kali-promoted, copper-cobalt-chromium 
oxide catalysts (8). Chen et al. (26) have 
reported that the activity of copper-sup- 
ported Cr20, or Zr02 for carbon monoxide 
hydrogenation is a factor of 20-40 x greater 
than that for bulk copper. The withdrawal 
of electron density from copper by the sup- 
ports, which are p-type semiconductors, 
was proposed to alter the chemical nature 
of copper to a state somewhere between 
Cue and Cu+. In our study, an indication of 
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electron donation to copper from lithium is 
observed by the 1.2-eV decrease in the Cu 
2~312 binding energy. Since alkali carbon- 
ates are basic compounds, they would be 
expected to donate electron density to cop- 
per. The increased electron density on 
copper could increase the chemisorption 
strength of carbon monoxide, resulting in 
increased carbon monoxide dissociation 
and Fischer-Tropsch activity. The synthe- 
sis of higher alcohols could occur either di- 
rectly on the electronically modified copper 
metal sites or by interaction of alkyl chains 
on those sites with Cu+ sites stabilized by 
phase formation. 

Two questions become evident from the 
results reported here. First, why do the 
other alkali-copper catalysts retain high 
methanol selectivity? One simple explana- 
tion is that the increased size of the other 
alkalis compared to lithium could lead to 
increased site blocking. Second, why was 
the LiCuO preparation not observed to cat- 
alyze the synthesis of higher alcohols and 
hydrocarbons? Here, the concentration or 
dispersion of lithium at the surface may 
play a role, especially if the interaction be- 
tween copper and lithium is localized. 

In any case, the copper-lithium catalyst 
system will require further investigation for 
us to understand fully the interaction of 
copper with alkali promoters. Initially it 
would appear that two methods of promo- 
tion occur here. The first is phase formation 
to stabilize Cu+ species for methanol syn- 
thesis, and the second is perhaps an elec- 
tronic interaction resulting in electron do- 
nation to copper metal that causes 
Fischer-Tropsch-type behavior. 

SUMMARY 

The rate of methanol synthesis on unsup- 
ported copper-alkali catalysts, normalized 
with respect to surface area, increased by 
an order of magnitude from Li to Cs, with 
most of the increase occurring from Na to 
K. A 1.9 kcal/mol increase in the apparent 
activation energy was observed across the 
series. X-ray photoelectron spectroscopy 

results indicated the presence of Cu+ spe- 
cies at the catalyst surface. Activity differ- 
ences were attributed to differences in the 
concentration of Cu+ sites at the surface 
and not to electronic effects. 

The alkali-cuprate LiCuO was prepared 
and investigated with respect to its role as 
an active phase. The compound exhibited 
poor initial activity, although steady-state 
activity was comparable to the Cu-Li cata- 
lyst prepared by citrate complexation. X- 
ray diffraction studies indicated that LiCuO 
decomposed under synthesis gas to a mix- 
ture of copper metal and lithium carbonate. 
LiCuO as an active phase is discounted, 
and copper-alkali carbonates are pro- 
posed. 

Under higher alcohol synthesis condi- 
tions (573 K and HJCO = l), the selectivity 
of the Na-, K-, Rb-, and Cs-promoted cop- 
per catalysts did not change, but an equi- 
molar mixture of hydrocarbons and alco- 
hols was produced by the Cu-Li catalyst. 
Both the hydrocarbon and the alcohol dis- 
tributions gave linear Flory plots with prop- 
agation constants of 0.3 for alcohols and 
0.5 for hydrocarbons. X-ray photoelectron 
spectroscopy results indicated that the 
electron density of copper was greater with 
lithium as the promoter than the other 
Group IA elements. Further investigation 
will be required for us to understand fully 
the interactions between lithium and cop- 
per that are responsible for the synthesis of 
higher alcohols. 
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