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Abstract

The differential heat of adsorption of carbon monoxide on carefully reduced copper catalysts employed in methanol synthesis was
measured by means of a Tian—Calvet calorimeter to probe the influence of ZnO. A ternary catalyst (Cuy/@pDéhld two binary
catalysts (Cu/ZnO and Cu/#D3) were prepared by coprecipitation and characterized pptysisorption (BET surface area), temperature-
programmed reduction (TPR) o®-reactive frontal chromatography §8 RFC), and methanol synthesis activity measurements. The shape
of the adsorption isotherms, the initial heat of adsorption, and the coverage dependence of the heat of adsorption were found to be different
for the catalysts with and without ZnO. The initial heat of adsorption turned out to be inversely correlated with the activity for methanol
synthesis: Cu/ZnO/AlO3 had the lowest initial heat of adsorption of 68 kJ mbland was the most active catalyst for methanol synthesis.
Cu/ZnO showed a somewhat higher heat of adsorption of 71 kd*rand a lower activity, and Cu/AD3 had the highest initial heat of
adsorption of 81 kJmot! and the lowest activity. The decrease in the heat of adsorption of CO induced by the presence of ZnO is ratio-
nalized by strong metal—support interactions (SMSI); i.e., Zsfecies are assumed to cover the Cu metal surfaces presumably-a3 Zn
coadsorbate under reducing conditions.
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1. Introduction conditions onto the Cu surfaces forming Cu—Zn alloys and
stabilizing Cu(l) species. Glnter et al. [9] observed a struc-
Copper catalysts are widely used for methanol synthe- tural interaction of Cu and ZnO resulting in highly active
sis and the water gas shift reaction. The industrially applied strained Cu particles.
catalyst is a ternary system containing copper, zinc oxide, Carbon monoxide is used extensively as a probe mole-
and alumina (Cu/ZnO/ADs) [1,2]. Several hypotheses con-  cule to differentiate between Cu sites. Infrared spectroscopy
cerning the nature of the active site are found in the lit- has been applied extensively to investigate the nonactivated
erature. Klier [3] proposed Cu species to be incorporated adsorption of CO on Cu catalysts and also on Cu single crys-
in interstitial and substitutional sites in ZnO. Chinchen et tal surfaces [10,11]. Roberts and Griffin [12] determined the
al. [4] identified metallic Cu as the active component and heat of adsorption of CO on copper catalysts quantitatively
ZnO as an inert support which stabilizes a high Cu surface by processing TPD data. They reported two desorption states
area. Other researchers assumed that the active sites are lavith energies of 37—-40 and 50—-67 kJ mbffor several Cu-
cated at the Cu/ZnO interface [5]. Nakamura and co-workers containing catalysts. Dulaurent et al. [13] derived isosteric
[6-8] reported that ZnQspecies migrated under reducing heats of adsorption of CO on Cuks from FTIR spec-
troscopy experiments in the temperature range from 298
msponding author. Laboratory of Industrial Chemistry, Faculty of to 740 K. They report isosteric he,a_ltS,Of 82 kJ mofor
Chemistry, Ruhr-University Bochum, D-44780 Bochum, Germany. ©co — 0and 57 kJ moi? for the equilibrium coverage dos-
E-mail address: muhler@techem.ruhr-uni-bochum.de (M. Muhler). ing 1% CO in He [13]. Topsge and Topsge [14] observed
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a decrease of about 50 crhin the vibrational frequency 2. Experimental
of on-top adsorbed CO on Cu/ZnO catalysts under severe
reducing conditions. This decrease was assumed to be due The Cu catalysts were prepared by coprecipitation using
to the migration of zinc species onto the Cu surfaces [14]. aqueous solutions of Cu(Ng», Zn(NQz)2, and Al(NGs)3.
Low-energy ion-scattering experiments provided additional NaxCO3 was employed as precipitation agent. A detailed de-
evidence for this hypothesis [15,16]. The DFT simulations Scription of the preparation method is given in Ref. [27].
presented by Greeley et al. [17] for the adsorption of CO on  Static nitrogen physisorption experiments were used to
copper surfaces covered with Zn and ZrO adatoms are  determine the BET surface area of the samples. Prior to the
in good agreement with these experimental findings. Fur- measurements, the catalysts were outgassed in vacuum at
thermore, Greeley et al. [17] predicted a lowered heat of 373 K for 2 h. For further characterization, 100 mg of the
adsorption of CO for this case. 250- to 355-um sieve fraction was reduced in a fixed-bed
During the last decades, microcalorimetry has been de-Mmicroreactor using a mixture of 2.1%Hh He by raising
veloped into a powerful tool to probe catalytically active the temperature from 300 to 513 K. The actual CuO content

surfaces quantitatively [18—22]. The first reliable calorimet- Of the catalysts was calculated from the Hptake during
carbon monoxide on reduced copper were presented in 1934 N2O-reactive frontal chromatography [28] under moder-
by Beebe and Wildner [23]. They investigated the adsorp- ate reaction conditions [29]. The methanol synthesis activity
tion of CO on 40 g of reduced copper granules at 273 K Was measured in synthesis gas under steady-state conditions
in the pressure range up to 0.4 kPa. An initial value of (i.e., holding the temperature for 1.5 h) .a.t ambient pressure
about 80 kJmoi! was obtained which decreased to about @nd ata temperature of 493 K. A modified space velocity
52 kmot ! at an equilibrium pressure of 0.4 kPa. Giamello ©f 200 cnt min- ?CatO(STP) was chgsen. The synt?ess gas
et al. [24] combined microcalorimetry and IR spectroscopy wa; gompose: 0 1,4A’ Hel, 7,2 /QJ'_A/O CQ, and 10% C?'

to derive the heats of adsorption of CO on copper in vari- rior to the microca onmetr;c measgrements, 00—
ous valence states, i.e., 66-43 kJmofor CO on Cu(0) 300 mg of the 250- to 355-um sieve fraction was reduced
110-66 kJ mot? for, CO on Cu(l), and 300-70 kJmo"l’ ex situ in a flow setup equivalent to those described in

. Refs. [30,31]. The following gases of high purity were
for CO on Cu(ll). They detected the presence of Cu(l) in used: IEIe (99?9999%) d-(gg_gggg?g%) and ng (2.10/?:&
reduged C.u/ZnO sa'\mples af‘d suggested thgt those COPP&g 9995%). The reduction of the samples was carried out
species might be dissolved in the ZnO matrix. Borgard et .~ .

al. [25] reported calorimetrically determined values of 64— in a specially designed homemade reactor with théd

1 . ) mixture ramping the temperature at 1 K minup to 448 K
igtgi]ygor for the adsorption of CO on a reduced Cu/ziO and in a second step withoHamping the temperature at

i . 1 Kmin~1 up to 513 K. This UHV-tight react ided th
In the present contribution, the adsorption of CO on two min - upto 'S \ght reactor providedine

. possibility of sealing the reduced sample without any con-
reduced binary (Cu/ZnO and CU/.Z@3) and one ternary'ca- tact to air in a Pyrex capsule of about 80 mm length under
talyst (Cu/ZnO/AbO3) was investigated by microcalorime-

o i , ) an atmosphere of about 1 kPa of He.
try as a quantitative tool to elucidate the interactions between The applied procedure allowed transfer of the completely
Cu and ZnO. The catalysts were prepared by coprecipi-

, i . X ) reduced and clean catalyst into the calorimeter without any
tation and characterized by statie hysisorption, TPR, g rface contamination by oxygen or carbon dioxide. An in

N20 RFC, and measurement of the methanol synthesis ac-;y; reduction in the calorimeter was not possible under the
tivity. The differential heat of adsorption of CO on the controlled and reproducible conditions realized in the flow
reduced Cu catalysts was measured in a homemade setUBetup described above. Furthermore, a simple transfer from
consisting of a volumetric dosing apparatus connected t0 athe pretreatment cell into the measurement cell in a glove
Tian—Calvet calorimeter. The main problem was to avoid pox filled with inert gas was not favorable as the calorimeter
oxygen poisoning of the reduced Cu surfaces during the needed a long time (i.e., overnight) to reach thermal equi-
transfer and the microcalorimetric measurement. Thus, the|iprium which is a necessary condition to start the measure-
catalysts were sealed in small pyrex capsules immedi- ment. Such a long waiting period would cause contamination
ately after the reduction in a flow setup. The capsules of the Cu surfaces due to the leak rate of the complete ap-
were crushed in the measurement cell after the calorimeterparatus. Therefore, the crushing of the Pyrex capsule took
had reached thermal equilibrium. The employed measure-place after the calorimeter had reached thermal equilibrium
ment technique was adopted from the pioneering work by and immediately before the measurement started.
Spiewak and Dumesic [26]. The adsorption calorimetry setup consisted of a volumet-
To the best of our knowledge, the heat of adsorption of ric dosing apparatus connected with a specially designed
carbon monoxide on fully reduced and clean Cu surfaces measurement cell in a Tian—Calvet calorimeter (Setaram C
was derived quantitatively for the first time as a function of 80 Il). The volumetric dosing apparatus was made of four
coverage using well-characterized Cu catalysts employed incompletely metal-tightened bellows valves and a Baratron
methanol synthesis. capacity manometer (range: 0—100.00 Pa). The dosing appa-
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Table 1 . ADALA
Characterization and catalytic data 031 A/A/A/
Catalyst Cu/ZnO/AlO3 Cu/ZnO Cu/AbOs3 —N— C|,|/A|2O3
—1 e —o—

BET surface area (R;) 73 64 51 > o— Cu/ZnO/ALO,
Cu content (wt% CuO) 47 68 76 o 0.2 —0—Cu/ZnO
Specific amount of Cu surface atofns 610 610 176 3

(umol g;alt) % _5-0-0-0:00 goooTHETn
Specific Cu surface arBgm? g.3) 25 25 7.2 5 O/O,,.—O———O—"O_'O’o
Specific methanol production r&te 0.103 0.056 0.015 B o1 o—907"

(umol st ggp) 2
Turnover frequency (10° s—1) 16.9 9.2 8.3

@ Derived by NO RFC.

b Assuming that 1 i of Cu surface area equals 24.41 pmol Cu atoms. 0.0 . L

€ Obtained at ambient pressure using 100 mg catalyst in synthesis gas 60 80
(14% He, 72% H, 4% CG, and 10% CO) and a volumetric flow rate of p_/Pa
50 cn? min~1 (STP). co

Fig. 1. Adsorption isotherms of CO on Cu catalysts at 300 K.
ratus was placed in a heated box and was held at a constant

temperature of 313 K. One dose of gas in the dosing sectioncific methanol production rate (umotsgg) by the specific

(all valves closed) at a pressure of 100 Pa and a temperature, ,qunt of Cu surface atoms (um@fg}.
of 313 K amounted to about 1 pmol. The dosing apparatus A simple estimation of the rate constant of desorption as

was connected to a personal computer which controlled theproposed by Cardona-Martinez and Dumesic [18] yields a
temperature of the heated box, operated the valves, and coly5j,e of 0.12 5! for a heat of adsorption of 80 kJ mdl

lected the pressure and temperature data. The measurement 300 K. The order of magnitude of this rate constant is
cell was a homgmade gell flttllng exactl)_/ into the calorime- high enough to achieve a fast equilibration of CO with the
ter. It was equipped with a linear motion feedthrough t0 ¢, catalysts through an adsorption and desorption equilib-
break the Pyrex capsules containing the samples. The dosing;m_ The fractional coverage of CO was calculated from the

apparatus and the measurement cell were both completely;mqynt of adsorbed COi43dCO)) and the amount of Cu
metal-tightened and only built of UHV-suitable components. ¢, face atoms (Table 1Pco = nagdCO)/n(Cusur). Fig. 1

The maximuTOappareqt 1elak rate of the dosing apparatusshoys the adsorption isotherms of CO on the three investi-
was about 107" Pa rr?.mm - _ gated catalysts in the pressure range up to 80 Pa. A strong
To measure the differential heat of adsorption, CO Was gecrease in the fractional coverage of CO for a given equi-

dosed sequentially at 300 K until no further adsorption was |iprium pressure in the presence of ZnO was observed. At
detectable. The differential heat of adsorption was calcu- , . _ 10 pa, the values abco were 0.11, 0.07, and 0.21

lated for each dose by dividing the measured enthalpy by thesor Cu/ZnOIALO3, Cu/ZnO, and Cu/AlOs, respectively.
quantity of adsorbed molecules. The heat was determined pgris and Klier [33] found that the equilibrium cover-
by integrating the calorimetric data, and the quantity of ad- age of CO on Cu at a temperature of 293 Kdigo = 0.18

sorbed molecules' was calculated from the collected pres-4¢ 5 coO pressure of 16 kPa assuming single site adsorption,
sure data. In addition, the processing of the pressure data;nq that the adsorption is almost completely reversible. The
yielded the adsorption isotherms of CO in the range up t0 aximum coverages on Cu/znO and Cu/ZnQ@4 ob-

100 Pa. Prior to the experiments in this study, the adsorptiontained in our experiments for equilibrium pressures of 80 Pa
calorimetry setup was tested by successfully reproducing theg: 300 K are in good agreement with the work by Parris

results of the CO adsorption experiments on PYSITE-  and Kiier [33]. For Cu/AbO3 somewhat higher coverages
sented by Shen et al. [32]. For the initial heats of adsorlptlon, of @co = 0.33 were found, indicating the simultaneous ad-
an expgnmental degree of accuracy of abé@ kJmol” sorption of CO on Cu and alumina at higher CO pressures.
was estimated based on repeated measurements. Correspondingly, as shown in Fig. 2, a decrease of the dif-

ferential heat of adsorption was observed at fractional cover-
ages of CO higher than 0.3. It is known that CO adsorbed on
3. Results Al,03 or ZnO is only weakly bound [18]. Additional irre-
versible adsorption or chemical reactions can be excluded
Characterization data of the investigated catalysts arebecause no heats high enough to be correlated with such
summarized in Table 1. The Cu surface area was derivedprocesses were observed.
from the amount of Cu surface atoms(Cusyrf)) deter- In Fig. 2 the measured differential heats of adsorption are
mined by NO-reactive frontal chromatography assuming presented with lines included to guide the eye. CaDAl
that 1 nf of Cu surface area equals 24.41 pmol Cu atoms. showed the highest initial valu&co — 0) of 81 kJ mot ™.
The turnover frequency was obtained by dividing the spe- This value remained constant up to a fractional cover-
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gole__ &, our measured values of the adsorption of CO on GiQAl
A Cu/AlLO, for ®co > 0.1. A further comparison of these measure-
o Cu/ZnO ments is not possible due to the lack of characterization data

0 Cu/ZnO/ALQ, (copper content, specific copper surface area) in Ref. [25].
However, the total amount of adsorbed CO on the CwSiO
catalyst of less than 14 umc@‘él,; suggests a very small spe-
cific Cu surface area. Therefore, it seems unlikely that the
initial heat of adsorption®co — 0) was measured with the
first dose of CO. In summary, the obtained differential heat
of adsorption of CO on Cu/ADs is in good agreement with
literature results obtained with various methods on Cu single
. crystals and supported Cu catalysts including S#9 non-

0.0 0.1 0.2 0.3 interacting support.

Fractional coverage The adsorption of carbon monoxide on Cu/ZnO systems
was previously investigated by Giamello et al. [24]. Two dif-
ferent copper species (Cu(0) and Cu(l)) were reported for
their reduced systems. The existence of both species was
age of about 0.1. In the range from 0.1 to 0.2 the heat confirmed by IR data. They assigned differential heats of ad-
of adsorption decreased with increasing coverage to abOUtsorption in the range of 110-70 kJ mélto Cu(l) and values
45 kJmot ! remaining constant up to a fractional cover- of 70 kImot ! at low equilibrium pressures of CO decreas-
age of 0.3. Fo®co > 0.3 the heat of adsorption decreased jng to 40 kJmot? at equilibrium pressures of 1.3 kPa to
even further (30 kI mof' at ©co = 0.33). For Cu/ZnO and  cy(0). Our work shows that no Cu(l) species are present
Cu/ZnO/ALOs, lower initial values of 71 and 68 kJ nol, after complete and careful reduction of the catalysts. The dif-
respectively, were obtained. Both catalysts showed a similarferential heat of adsorption of CO on Cu/ZnO in our study is
decrease with increasing coverage without the plateau ob-in excellent agreement with the values reported for the Cu(0)

Fig. 2. Differential heats of adsorption of CO on Cu catalysts at 300 K.

served for Cu/AOs. A final value of about 60 kJmof at  gpecies. The lower values of 40 kJ mblare only found at
©co = 0.1 was found for Cu/ZnO. For Cu/ZnO/£Ds, the higher equilibrium pressures and fractional coverages of CO
final value was about 50 kol at ©co = 0.14. which were not investigated in our study.

A recent DFT study by Greeley et al. [17] showed that
the calculated IR vibrational frequencies and the heat of
4. Discussion adsorption of CO on Cu surfaces are strongly influenced
by the presence of Zn adatoms and £rO adatoms as
Tracy [34] investigated the coverage dependence of thecoadsorbate. The vibrational frequencies of CO adsorbed
isosteric heat of adsorption of CO on a Cu(100) single crys- on top of the Cu atoms were lower by up to 72 T
tal plane in the temperature range from 77 to 300 K. An and the decrease in the binding energy was in the range
isosteric heat of adsorption of about 70 kJ molvas re- of 6 kdmol! for ©®co = Ozno = 1/9 compared with un-
ported for@co — 0, decreasing to about 55 kJ mélfor strained Cu(111). AB®zn = Ozno = 1/4, a strong decrease
Oco = 0.1. The isosteric heat remained constant for the CO to 38.6 and 33.8 kJmol, respectively, was predicted for
coverage range from 0.1 to 0.5. The initial value and the cov- ®co = 1/4. The calculated decreases in the binding en-
erage dependence are in good agreement with the resultgrgy of CO are in good agreement with our work, since
obtained with Cu/AdO3. Vollmer et al. [35] derived site-  the observed difference of the initial heats of CO adsorp-
specific adsorption energies on single crystal faces and poly-tion between Cu/AlO3 and the Cu catalysts with ZnO is
crystalline copper from thermal desorption spectroscopy about 10 kJmot?, and for®co > 0.1 the observed differ-
(TDS) measurements. For the close packed surfaces Cu(111gntial heats of adsorption for Cu/ZnO and Cu/ZnQ@d
and Cu(110), binding energies of 47 and 51 kJmpke- were found to decrease to about 60 and 50 kJthakspec-
spectively, were determined. Higher values of 58 kJthol tively.
were found for kinks, steps, and defect structures. Wilmer and Hinrichsen [36] investigated the interac-
Dulaurent et al. [13] derived isosteric heats of adsorption tion of hydrogen with binary and ternary copper cata-
of CO on Cu/AbO3 from FTIR spectroscopy experimentsin  lysts prepared and pretreated equivalently to our study. For
the temperature range from 298 to 740 K. The reported isos-Cu/ZnO/ALOg, reversible changes as a function of the redox

teric heats of 82 kdmol for ©®co — 0 and 57 kJmot! potential of the gas phase were observed. Stronger reducing
for equilibrium coverage are in excellent agreement with our conditions led to a reversible decrease of the specific Cu sur-
differential heats of adsorption of CO on Cu8k. Bor- face area as derived fromoHTPD experiments indicating

gard et al. [25] reported calorimetrically measured values the migration of coadsorbed Zn O species onto the Cu
of 64—46 kJmot! for the adsorption of CO on a reduced particles. Thus, it is assumed that under the highly reducing
Cu/SiQ catalyst. These values are in good agreement with conditions of methanol synthesis several related phenom-
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ena occur: the Cu particles change their shape due to theSubstrate Interactions in Heterogeneous Catalysis’ are grate-

wetting of the ZnO support [37], microstructural strain is fully acknowledged.

induced [9], and the accessible specific Cu surface area is

lowered by Zmt- O adspecies [36].
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