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ABSTRACT: Cu/ZrO, catalysts obtained by impregnation of
ZrO, and complexation with citric acid were studied for CO,
hydrogenation to methanol. The catalyst structure, texture,
and active copper surface were determined using XRD, BET,
and reactive adsorption of N,O, respectively. The XPS and
Auger spectroscopies were used to determine the surface
structure and copper electronic state. FT-IR pyridine
adsorption was studied to determine acidity of the catalysts.
The results of quantum-chemical calculations concerning the
formation of oxygen vacancies in monoclinic and tetragonal
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ZrO, have been also presented. It was found that selection of the appropriate conditions of the catalyst preparation influences the
degree of copper dispersion, its electronic state, and contents of the zirconia polymorphic phases (tetragonal and monoclinic).
The presence of oxygen vacancies stabilizes both the thermodynamically unstable t-ZrO, phase and Cu'" cations, which are
present in the vicinity of oxygen vacancies. Complexes formed preferentially on tetragonal ZrO, built from Cu cations and
oxygen vacancies are the acid centers active in methanol synthesis reaction; therefore the catalytic activity toward methanol
increases with increasing t-ZrO, content. The implications of the obtained results for the mechanism of the catalytic

hydrogenation of CO, are discussed.
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1. INTRODUCTION

Methanol is a key material for C1 chemistry’ and until today
has been produced on a large scale from synthesis gas with the
use of heterogeneous catalysts.”> Recently, the synthesis of
methanol from CO,/H, feedstock has been intensively studied
on account of several reasons:

- Utilization of CO, waste allows reduction of the
greenhouse effect.*™

- Methanol may be a mobile source of hydrogen to supply
the cells in the hydrogenation—steam reforming cycle.”””
Steam reforming of methanol can be easily performed at the
destination, which allows elimination of the inconvenience of
hydrogen transportation.

- Methanol is an intermediate product in the dimethylether
(DME) formation, considered to be a promising and
environmentally benign fuel for diesel engines. Processing of
CO, originating from renewable sources is a good example of a
modern energy source, taking into account environmental
protection. Such research is carried out in a number of chemical
corporations such as Hader, Topse, Navistar, and Japanese JFE
Holding.

It has been well documented that systems containing copper
and ZrO, in combination with other oxides (e.g., ZnO, Al,O,,
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Cr,0;) are active in CO, hydrogenation to methanol.'*™%*

Despite extensive research on the effects of the copper
dispersion and its electronic state on the catalytic activity of
these catalysts, the reaction mechanism has not been fully
elucidated.

Recently, it was observed that the Cu/ZrO, catalytic activity
in CO, and CO hydrogenation is also dependent on the
structure of zirconium oxide. The monoclinic phase of
zirconium oxide (m-ZrO,) is stable at low temperatures,
whereas its tetrahedral (t-ZrO,) phalse26 is stable above 1600 K.
The transition temperature is dependent on the defect degree
of the crystallographic lattice and the presence of additives. As a
result of these effects, the t-ZrO, phase appears frequently at
low temperatures as a metastable phase. The presence of
amorphous ZrO, (a-ZrO,) is also observed at low temper-
atures.

The results of catalytic measurements on the activity of Cu/
ZrO, catalysts containing different ZrO, polymorphic phases
are ambiguous. The results obtained by Baiker et al,*> Koppel
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et al.”’ and Ma et al*® suggest that the presence of t-ZrO,

promotes the methanol formation from CO and CO,. A similar
result was obtained by Wang et al.*® for the steam reforming of
methanol. However, according to Bell and Jung®® and Rhodes
and Bell,* m-ZrO, is more active in the methanol formation.
The authors assign changes in the catalytic activity to the
differences in their acidity. It should be noted, however, that the
preparation conditions of both types of ZrO, vary considerably.
A precursor of the monoclinic phase of ZrO, was precipitated
in a strongly acidic (pH = 1) environment, while the tetragonal
phase was obtained in alkaline solution (pH = 10). In this
situation, one would expect the significant difference in the
surface hydroxylation and consequently differences in their
acidity not related to the support crystallographic structure.

The surface of zirconia offers a variety of active sites. Among
them, acidic and basic hydroxyl groups (Brensted sites) and
coordinatively unsaturated Lewis acidic Zr*" cations can be
distinguished.>*>® 1t has been reported recently®’ >’ that all
types of sites can contribute to the progress of catalyzed
reactions involving CO and CO,, e.g,, the synthesis of branched
hydrocarbons from CO/H, and the synthesis of methanol from
CO/H, or CO,/H,. The concentration of the structural defects
in zirconia, being catalytically active, is generally dependent on
the kind of polymorph.>>™3® The Lewis acidic sites, even more
abundant on the surface of the monoclinic ZrO, phase, were
found not to be as strong as those populated on the tetragonal
ZrO, polymorph.®”*

The results of the sorption of CO and CO, on the surface of
m-ZrO, and t-ZrO, evidenced the strong dependence between
the phase of zirconia and the strength of CO and CO,
interactions.>”*® Adsorption of CO, on monoclinic ZrO,
resulted in formation of bicarbonate and monodentate and
bidentate carbonates, whereas the principal species observed on
t-ZrO, were defined as bidentate and polydentate carbonates.
Additionally, a significantly higher CO, adsorption capacity of
m-ZrO, than that of tetragonal ZrO, polymorph was
evidenced. These differences are related to the higher
concentration and basicity of the hydroxyl groups as well as
the stronger Lewis acidity of Zr*" cations and stronger Lewis
basicity of O*~ anions in monoclinic ZrO, polymorph. Thus,
the problem of acidic properties of zirconia support is still wide
open for further investigations.

In our recent work*' on the CO, hydrogenation to methanol
over Ag/ZrO, catalysts, it was shown that the t-ZrO, phase is
stabilized by the presence of oxygen vacancies and Ag* ions
incorporated into the zirconia lattice. The methanol formation
rate is proportional to the amount of the defected phase. The
aim of the present study is to determine whether the
regularities observed in the case of the Ag/ZrO, catalysts also
occur in Cu/ZrO, catalysts. Our current research may also help
to explain the differences between the results of various authors.

Bulk electronic and geometry structures as well as the
morphology of their nanocrystals of both monoclinic and
tetragonal ZrO, phases were already studied by means of
density functional theory (DFT)—see, e.g, refs 42—47.
Different morphologies were proposed, based on the relative
thermodynamic stabilities of the possible low-index surfaces.
Theoretical studies on the influence of the morphology of the
zirconia phase on a catalytic reaction are limited only to the
water—gas shift process.*® It is found that both phases differ in
the strength of the adsorption process of the products from
tetragonal ZrO, and the stability of intermediate reactants on
the monoclinic ZrO,.
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Model studies on atomic Cu deposited on small cluster of
ZrO, indicate that Cu activates zirconia by localizing specific
nucleophilic and electrophilic reactivity.*”>° On the basis of
DFT calculations and kinetic Monte Carlo simulations, it was
proposed that larger agglomerates of copper (strips) on ZrO,
are located on stepped surfaces, and CO, adsorption occurs at
the Cu/ZrO, interface,”' ™ which is in agreement with
experimental findings.>* The aim of this work is elucidation
of the controversy concerning the tetragonal and monoclinic
ZrO, polymorphs catalytic activity as well as the investigation
of the active centers in hydrogenation of CO,.

The Cu/ZrO, catalysts obtained by the method proposed by
Bell, i.e., coprecipitation and complexation with citric acid, were
examined. In these catalysts, the t-ZrO,/m-ZrO, ratio varies in
the range 0—100%. In addition to the catalytic tests,
investigations of the crystallographic structure by the XRD
method, studies of the catalysts surface structure by XPS and
Auger spectroscopies, and the standard acidity measurements
using pyridine adsorption were carried out. Quantum chemical
calculations concerning oxygen vacancies with the participation
of different crystallographic facets in both ZrO, polymorphs

were carried out.

B EXPERIMENTAL SECTION

2.1. Preparation of the Catalysts. The CuO/ZrO,
precursors were obtained by three, different preparation
methods. For synthesis of all samples, Aldrich reagents of
99.99% purity were used. Method 1 involved a coprecipitation
process using NaOH (1 M solution) as the precipitant agent.
The solution containing appropriate amounts of Cu(NOj;),
3H,0 and ZrO(NO;),-5H,0 and the precipitant solution were
added simultaneously, drop by drop, to a beaker containing
demineralized water. The precipitation was performed under
constant conditions: a temperature of about 353 K, pH of 10,
and vigorous mixing at about 350 rpm. After the precipitation,
the mother liquid was held at 353 K, under mixing, for 1 h.
Then, the mixture was cooled down to ambient temperature,
and the precipitate was separated by S-fold centrifugation at
3500 rpm and washed with demineralized water. Next, the
precipitate was dried at 373 K, for 10 h, milled, and
subsequently calcinated at 623 K for 5 h, in the flow of air.

Method 2 involved a citric precursor method, using
appropriate amounts of 1 M water solutions of metal nitrates
(Cu, Zr) and citric acid. Water was evaporated from the
solution at 363 K, at pressure achieved with a vacuum pump.
The obtained glasslike amorphous product was carried to a
heating coat where the citric precursors were decomposed in air
at 523 K. Next, the solid sample was dried at 403 K for 8 h and
calcined in a stream of air at 623 K for S h.

Method 3 described by Bell et al.>**! included two separate
preparation stages: the synthesis of tetragonal or monoclinic
ZrO, and then the introduction of the active copper oxide
phase on prepared zirconia supports. Tetragonal ZrO, was
prepared by dropwise addition of 30 wt % ammonia to a 0.5 M
solution of ZrO(NO;),-SH,0, at a constant pH = 10. The
precipitated material was heated in the mother liquid at 373 K,
for 20 h, at a pH = 10, under reflux. The obtained product was
filtered, washed with H,O, and dried at 373 K for 24 h. The
final thermal treatment consisted of annealing the sample in the
flow of air, at 973 K for 5§ h. The monoclinic ZrO, was
synthesized by boiling a 0.5 M solution of ZrOCl,-8H,O under
reflux at 373 K, for 100 h, at a pH = 1.5. The precipitated
sample was filtered, washed, and dried in the same way like in
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Figure 1. XRD patterns of zirconium carriers (A and B) and catalysts after the methanol synthesis reaction (used catalysts; I to V): A, m-ZrO,; O, t-

710,; O, Cu.

the case of preparation of the tetragonal zirconia. The final
calcination was at 773 K, for S h, in a flow of air. The active

copper oxide phase was introduced on zirconia supports using
the incipient wetness impregnation method, from an aqueous
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solution of Cu(NOs),-3H,0. Thus, the received CuO/ZrO,
samples were dried at 373 K for 10 h and calcinated at 623 K
for S h, in the flow of air.

The molar ratio of CuO to ZrO, was in the range of 0.11—
0.18 (10—15% at Cu). The catalyst’s composition was
determined with the ICP-OES method using a PerkinElmer
Optima 2100DV spectrometer.

2.2. Specific Area and Porosity Determination. The
specific surface area and pore distributions of the catalysts were
determined with the BET and DFT method using an Autosorb-
1 Quantachrome apparatus with nitrogen as the adsorbate at
77.5 K.

2.3. Determination of the Active Copper Surface.
Active surface copper in the reduced catalysts was determined
with the use reactive adsorption of N,O at 363 K according to a
method described elsewhere.’ The measurements were carried
out in a flow quartz microreactor with a length of 18 cm and an
internal diameter of 5 mm. The mass of approximately 0.25 g of
a catalyst was reduced at 523 K over 3 h and cooled down to
363 K. Then, 100 pL of N,O pulses were injected until the
reaction was completed. The amount of the reacted N,O was
determined using a mass spectrometer (Pfeiffer Vacuum—
Prisma Plus). It has been assumed that the reoxidation of the
surface occurs according to the equation

2Cu(s) + NZO = CuZO(s) + NZ

and 1 m* of elemental Cu corresponds to 6.1 ymol O,.

2.4. XRD Measurements. Diffraction patterns of the oxide
precursors and the used (after reaction run) catalysts were
collected with a Bruker AXS DS50S powder diffractometer. Cu
Ka radiation and a graphite monochromator of the secondary
beam were used. The quantitative phase contents and the
crystallite sizes of the catalyst components were estimated with
a multiphase Rietveld refinement using the TOPAS software.
The fundamental parameter calculations were carried out
according to the approach of Cheary and Coelho.>® The XRD
patterns of used catalysts from all studied catalysts (I-V) and
supports are shown in Figure 1. The main diffraction maxima
characteristic of two phases are located in the theta range of
10—70°: the thermodynamically stable monoclinic modification
(m-ZrO,) and the tetragonal one (t-ZrO,), which is unstable at
ambient temperature. The Rietveld method was used for
deconvolution of the diffraction peaks and the content
evaluation of both phases.

2.5. Electron Spectroscopy. X-ray photoelectron spectro-
scopic (XPS) and X-ray Auger Electron spectroscopy (XAES)
measurements were performed using a spectrometer equipped
with an Al Ka X-ray source (1486.6 eV, 11 kV, 17 mA) and a
hemispherical analyzer (R4000, Gammadata Scienta) and a
high pressure reactor (Prevac). The spectrometer was
calibrated with the use of Au, Cu, and Ag foils according to
ISO 15472:2001. The energy resolution of the system,
measured as a full width at half-maximum (fwhm) for the Ag
3ds/, excitation line, was 1.0 eV.

The powder samples for XPS analysis were prepared as
compressed (S bar) pellets of 7 mm in diameter. The reduction
of the sample compounds was performed in the high pressure
reactor in pure hydrogen (6.0, Lindegass) at 250 °C for 1 h.
The hydrogen pressure was 1.2 bar with a flow of 50 cm®/min.
After reduction, the reactor was evacuated to UHV, and the
sample was transferred to the analysis chamber.

The XPS analysis area was about 3 mm?® The ultrahigh
vacuum (3 X 107'° mbar, UHV) conditions were maintained,
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and no gas release or change in the sample composition were
observed during the measurements. The CasaXPS 2.3.12
program was applied for the XPS spectra analysis. The electron
binding energy (BE) scale of all spectra was calibrated for the
maximum of C 1s core excitation at 285.0 eV, where carbon
adsorbate was taken as an internal standard. In the spectra, the
background was approximated by a Shirley profile. The spectra
deconvolution into a minimum number of the components was
performed by application of the Voigt-type line shapes (70:30
Gaussian/Lorentzian product). The XPS and XAES analysis
depths were estimated at 6.8 and 2.2 nm for ZrO,, 8.3 and 2.8
nm for Zr(OH),, 3.0 and 1.0 nm for Cu, 3.7 and 1.2 for CuO
or Cu,0, and 4.3 and 1.4 for Cu(OH), provided that the bulky
form was uniform.*® The calculations took into account 95% of
the overall photoelectron intensity.

2.6. Acidity Measurements. FT-IR pyridine adsorption
was used to distinguish the Breonsted and Lewis acidity in
studied materials. Prior to the IR studies, each sample of the
catalyst (10 mg of catalyst diluted with 20 mg of SiO,
[POCH]) was outgassed and activated at 570 K, maintained
at this temperature for 1 h, and then cooled down to 370 K.
The excess of pyridine was adsorbed at 370 K, and physisorbed
molecules were subsequently removed by evacuation at the
same temperature. The concentration of Bronsted and Lewis
acid sites was calculated from the intensities of the 1545 cm™
band for pyridinium ions PyH" and of the 1450 cm™ band for
pyridine bonded coordinately to Lewis sites, PyL. The values of
extinction coefficients were 0.07 and 0.1 ymol/cm?® for the
PyH" and PyL bands, respectively.

Sorption of pyridine was preformed also on pure SiO, used
for dilution of the studied catalysts. No Brensted acidity was
detected for SiO,. For the CuO/ZrO, catalysts, the negligible
concentration of Lewis acid sites present in SiO, was
considered.

The acid strength was determined based on pyridine
desorption studies. In the Py experiments, the conservation
of the Py bonded to Lewis, Py-L (1445—1452 cm™'), and
Bronsted, PyH" (1547 cm™'), acid sites band under the
desorption procedure at elevated temperature (470 K) has been
taken as a measure of the acid strength of the acid sites. The
ratio A,;o/Asy, with Ay and Ay, being the intensities of the
PyH" and Py-L bands recorded after desorption at respectively
470 and 370 K, has been taken as the measure for the acid
strength of the protonic and Lewis sites.

2.7. Catalytic Measurements. The activity of the catalysts
was tested in the high pressure fixed bed flow stainless steel
reactor made by “PID ENG&Tech” (vol. ca. 8 cm®) connected
online to a gas chromatograph (Hewlet Packard 5800 series
II), equipped with a TCD detector (analysis of H,, CO, and
CO,) and a FID detector (organic compounds). All lines were
heated to 393 K to prevent condensation of methanol and
water. The reactor internal diameter was 8 mm; a thermocouple
was placed in the middle of the catalyst layer, which was placed
between two layers of porcelain of the same grain size as the
catalyst. A total of 1 cm® of catalyst with a grain size 0.64—1
mm was placed into the reactor. The oxide precursors were
reduced in a stream of diluted hydrogen (S vol % H, in N,) at
473 K for 3 h under atmospheric pressure and activated in the
mixture of reactants by raising the temperature by steps of 30°
between 473 and 623 K every 2 h. The catalytic activity in the
methanol synthesis was determined under the following
conditions: a pressure of 8 MPa, temperature range of 453—
533 K, space velocity of the reactants flow of GHSV = 3600
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Table 1. Characterization of the Studied Catalysts

pore average pore t-ZrO, ZrO, mean Cu surfgce Cu number of
surface area [m?*/g] volume diameter content crystal size area [m*/g  dispersion Cu
catalyst preparation method  before/after reaction  [cm®/g] [nm] [%] [nm] at [%] monolayers
supports
ZrO, (A) according to bell 57.2/- 9 14.5
calcined at 773 K
ZrO, (B) according to bell 50.6/- 60 26.5
calcined at 973 K
catalysts atom % of Cu
Cu/ZrO, impregnation of 50.4/47.8 0.09 7 7 9.4 2.11 4 1.87
I 1s ZrO,(A), calc. at
623 K
Cu/ZrO, impregnation of 45/43.6 0.24 21 33 23.7 5.58 16 1.34
(1) 10 ZrO,(B), calcd. at
623 K
Cu/ZrO, complexation with 101/61.9 71 6.5 2.77 8 0.94
(TI) 10 citric acid, calcd. at
623 K
Cu/ZrO, complexation with 85.5/47.7 0.05 4 100 7.1 1.73 S 1.22
(IV) 10 citric acid, calcd. at
773 K
Cu/ZrO, precipitation with 182/128.5 15 3.9 1.49 4 0.45
(V) 10 NaOH, calcd. at 623

h™', and composition of the reactant mixture H,/CO, = 3. It
was checked in the preliminary experiments, in which mass and
grain size of the catalysts were varied and the temperature
profile was determined, that under these conditions mass and
heat transfer did not limit the reaction rate. After the reduction
and activation, the catalysts showed a constant activity for 10
days in the cycles of the temperature increase and decrease.
After the tests, the catalysts were cooled down to room
temperature in the reaction mixture. Such catalysts are named
in this paper “used catalysts.” It is assumed that the
composition and structure of the used catalysts correspond
closely to the composition and structure of the working
catalysts at the stationary state, which is established under
conditions of the catalytic reaction.

2.8. Methodology of Quantum Chemical Calculations.
Oxygen vacancy formation on different tetragonal and
monoclinic ZrO, surfaces was modeled assuming that oxygen
is removed as a water molecule; thus the energy of vacancy
formation was computed as

E,.. = E(ZrO,, vac) + E(H,0) — E(ZrO,) — 2E(H)

The reported calculations were performed with the VASP
3738 using the PW91 functional.>*®® Electrons are
described by PAWS"®* with a default cutoff energy of 450 eV
with § X § X 1 k-point sampling mesh. A detailed description of
the computational procedure is given elsewhere.*>*

3. RESULTS

3.1. Phase Composition and Morphology of the
Catalysts. XRD diffraction patterns of zirconium carriers and
catalysts after the methanol synthesis reaction (used catalysts)
are shown in Figure 1. The Rietveld method was used for
diffraction peak deconvolution and the content evaluation of
both phases, i.e., tetragonal and monoclinic. As can be seen in
the case of the catalyst prepared by coprecipitation of (Cu/
Zr0,—V), only microcrystalline zirconium oxide is present, as
evidenced by the diffraction pattern in the range of 10° to 70°
(2 theta). In the case of the remaining catalysts, diffraction
maxima characteristics for both phases of zirconium oxide are
sharp and well-separated. Only in the catalyst prepared by
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impregnation of the carrier, which is enriched in t-ZrO, (Cu/
ZrO, II), are Cu crystallites observed. In other catalysts, copper
is present in the highly dispersed or amorphous form. XRD
results of the quantitative analysis obtained by the Rietveld
method are shown in Table 1. It also contains data on the
surface area of the catalysts, Cu dispersion, and active copper
surface.

Determination of the pore distribution showed that all
studied catalysts are mesoporous. Almost all the studied
catalysts have the same copper content (~10 atom % Cu).
Only in the case of catalyst I, in which m-ZrO, was prevailing,
was 15 atom % Cu introduced because of low catalytic activity.
The nominal copper coverage calculated using 14.4 ymol Cu/
m?, taken from ref 63, are in the range 0.5 to 1.8 monolayers
number.

The data in Table 1 indicate that the oxide precursors change
their properties as a result of their reduction and prolonged
time of contact with the reactant mixture. The most dinstinctive
changes concern the surface area of the catalysts in which
microcrystalline ZrO, is present, ie., the catalysts obtained by
citrate and the coprecipitation method. The catalysts prepared
by impregnation of the zirconia support calcined at relatively
high temperatures are more stable. Nevertheless, even in this
case, one can see the changes in the surface area, which
correlate with the increase of ZrO, crystallite size, and also the
changes in the concentration of different polymorphs are also
observed. The results described above indicate that, during the
catalytic reaction, the processes of copper oxide reduction and
sintering of the catalyst components take place. Therefore,
redistribution of Cu especially in the subsurface area should be
expected.

The size of the active surface of metallic copper (Table 1) of
the used catalysts varies slightly; only the Cu/ZrO, II catalyst,
prepared by zirconia impregnation, which was calcined at a
relatively high temperature (973 K), is characterized by a
significantly higher value of the Cu active surface. This result
corresponds to the presence of Cu crystallites, confirmed by the
XRD method. In the studied catalysts, the surfaces of the active
copper, recalculated to 1 g of Cu, are within the limits of 25—
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Table 2. Catalyst Surface Quantitative Analysis of the Electronic State of Copper Obtained on the Basis of XPS Results”

Cu/Zr Zr/O* Cu’ Cu*! Cu®? OH

catalyst Cu/Zr nominal wt % t-ZrO, F 6] UH, F U UH, UH,
I 0.18 7 0.18 0.22 0.28 0.58 0.57 0.59 79 4 17
11 0.10 33 0.13 0.12 0.60 0.60 62 25 13
v 0.10 100 0.09 0.07 0.63 0.63 10 80 10

“0* lattice oxygen (after subtraction water oxygen). F, fresh catalyst; U, used catalysts; UH,, used catalyst reduced in situ.

100 m? which is typical for Cu/ZrO, catalysts with a low
copper content.

Despite applying preparation conditions used by Bell et al.,*’
one failed to obtain pure polymorphic zirconium oxide phases
(monoclinic and tetragonal). This methodology is quite
complicated, and perhaps an important role is played by the
factors not included in the description of the procedure. In our
work, we have shown, however, that using a simple method of
complexation with citric acid, the catalysts containing pure t-
ZrO, phase can be obtained. The series of catalysts (I-V;
Table 1), in which the content of THE tetragonal phase varies
from close to zero to 100%, was obtained by different
preparation methods.

3.2. Surface Properties of the Catalysts. The samples
were investigated by XPS and XAES. Among the catalysts
described in Table 1, three catalysts were chosen, which differ
with the preparation method and the content of polymorphs of
ZrO,. These are catalyst I obtained by impregnation of ZrO,
support, containing mainly the monoclinic phase, catalyst II
obtained by the same method containing 33% of t-ZrO,, and
catalyst IV obtained by complexing with citric acid, which
contained 100% t-ZrO,. The analyzed catalysts (used) were at
first reduced and activated in the feed mixture and then
worked-out in a reactor for several hours in the temperature
range of 473—533 K. Since it was found that copper in these
catalysts oxidizes in contact with air, even at room temperature,
the used catalysts, which were reduced in situ by hydrogen
before the spectroscopic measurements in order to restore their
electron state before reoxidation, were also tested. Further on,
in this text, the most representative results are described, and
whole experimental material is collected in the SI (Supporting
Information).

The O 1s core excitation envelope, for all studied samples,
was deconvoluted (Figures 1—3, SI) into three components
assigned to oxygen in the metal oxide lattice (O,, component
A), oxygen in hydroxyl groups (B, Og), and oxygen in adsorbed
water or organic compounds (C, 00).57% In most analyzed
surfaces, the oxide lattice oxygen at BE of approximately 530 eV
was found as the predominant species. The surface of catalyst I
after methanol synthesis shows a larger amount of OH groups
(40.0%) than observed for the citric (IV) type catalyst (31.7%).
The ability to form hydroxide species at the catalyst surface
during methanol synthesis confirms lower stability of the
catalyst surface in the case of Bell type synthesis than in the
citric one.

The Zr 3d core excitations were deconvoluted (Table 1SI,
Figure 1—3SI) into two doublets assigned to Zr*" in the ZrO,
lattice (component A) and Zr* in strongly electrophilic
surroundings like bonding to OH groups (B).5*™%" The
surfaces of the citric (IV) type catalysts after methanol
synthesis or hydrogen reduction showed limited changes
suggesting high stability of the zirconia lattice. The zirconia
structure obtained in the synthesis of catalyst I revealed higher
ability for the Zr*" ion hydroxylation (Figure 1—3SI). Catalyst I,
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when reduced in hydrogen, showed a higher amount of
hydroxyl bonded zirconium ions than catalyst IV obtained by
the citric method, where the opposite tendency was observed
(Table 1SI).

The Cu/Zr atomic ratios determined from XPS measure-
ments (Table 2) were close to the nominal values wherein the
impregnated catalysts’ surface layer was enriched in Cu.

In the catalysts obtained by complexing with citric acid, the
determined copper concentration was a little lower in respect to
nominal content. The Zr/(O4)+Os)) ratio for studied
catalysts was always higher than 0.5, which suggested oxygen
deficiency in the ZrO, lattice, ie., the presence of oxygen
vacancies. The highest concentration of vacancies was observed
in the catalyst, which contained only the tetragonal phase of
ZrO,.

As an example, the Cu 2p XPS and Auger spectra of catalyst
II after the CO, hydrogenation reaction and their reduction by
hydrogen are presented in Figure 2. They were deconvoluted
into three components: A (assigned to Cu'*), B (metallic Cu),
and C (Cu®* OH) (Table 1SI). For all unreduced catalysts, the
intensity ratio of shakeup satellites to respective photoelectron
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Figure 2. Example of Cu XPS and Auger Cu LVV excitation spectrum
for catalyst II after reaction and hydrogen reduction.
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peaks suggested a significant contribution of Cu®" ions in the
surface composition. Additionally, the XAES spectra helped to
calculate the modified Auger parameter (a'; Table 2SI), which,
when valued on the so-called Wagner plot,% can determine the
electronic state of copper much more precisely. Thus, the Cu
2p spectra showed that Cu®* in an oxide lattice is the main
component of unreduced catalyst samples.*®*~%®

In the case of hydrogen reduced catalysts (Table 3), the BE
of Cu 2p;,, suggests that the main surface species can be
metallic copper and/or Cu* in an oxide lattice.**~%7%

Table 3. Electronic State of Copper for Used Catalysts
Reduced in Situ Obtained on the Basis of Auger Results

BE Cu 2ps), KECuL, VV Cu'/

catalyst [eV] [eV] a'[eV]  assigment  Cu
I 932.6 918.6 1851.2 Cu° 1.48
I 932.7 917.8 1850.5 Cu’ 1.09
v 9324 918.6 1851.0 Cu’ 1.08

The above conclusion is supported by the Auger parameter
values, which approached 1851.0 eV, indicating metallic copper
at the surface (Table 3). In a similar way, for the catalysts after
methanol synthesis, @' suggests the presence of Cu®** ions in
surroundings much different from the CuO lattice. The
relatively low value of KE at a maximum of Cu L;VV excitation
indicated that Cu®' ions, in this case, should be located in
strongly electronegative surroundings, such as that observed in
zeolites.”* 7 This can suggest any interaction of the Cu ions
with the zirconia support.

For the used catalysts reduced in situ, the data concerning
the content of the particular copper species on different
oxidation states are given in the last column of Table 2. These
results indicate that the increase of the t-ZrO, content in Cu/
ZrO, catalysts leads to a decrease of the amount of metallic
copper and an increase in content of the Cu” cationic form,
whereas the content of Cu** changes slightly.

It is worth noticing that analysis of copper compounds must
be supported by both the XPS and XAES methods. The XPS
signal acquires information from about 10 monolayers and
XAES from about 3. Additionally, an analysis of the shape of Cu
L,VV spectra (Figure 2SI) before and after reduction in
hydrogen showed that a component at KE at about 915 eV was
present in the Cu LVV spectrum also after the catalyst
reduction in hydro§en. That KE value can be assigned to either
Cu>*%7° or Cu*.%”"" An analysis of the Cu LyVV spectra of
model systems of CuO/ZrO, and Cu,0/ZrO, from Espinos et
al’s work®”® allowed the conclusion that both Cu?* and Cu*
ions are present in the analyzed samples where Cu® is
predominant. The approximation of the Cu*/Cu** ratio can be
performed by comparison of Cu L;VV components at a KE of
approximately 918 eV, a maximum for all reduced samples, to a
component at about 915.5 eV, ascribed to Cu®" ions. These
results are collected in Table 3. The approximation indicates
that all reduced samples showed a ratio above 1, whereas for
unreduced ones, the ratio was below 1. Thus, it can be again
stated that the catalyst obtained by complexation with citric
acid (IV) showed a lower ability (lower amount of Cu* species)
to be reduced when compared to catalyst L

Therefore, the hydrogen reduced surface of the copper active
sites can be modeled as covered by metallic copper at the top,
whereas Cu** and Cu" ions are located underneath with the
ratio depending on catalyst type. In the case of the surface
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modified in methanol synthesis, the outermost part can be
composed of Cu** ions dispersed in zirconia lattice. The surface
of a fresh catalyst I obtained by the Bell method shows Cu®* in
the form of CuO, confirmed by both electron spectroscopies. In
summary, the analysis of a variety of copper species and their
amount at the IV and Bell type catalysts suggests a higher
ability of I catalyst to be modified in a much more complicated
manner than in the case of IV catalyst. This surface
modification is observed in both hydrogen reduction and
methanol synthesis.

3.3. Acidity of the Catalysts. Figure 3 depicts the spectra
of pyridine adsorbed on studied samples allowing the

PyL

0,02+ 14451

l1 452

0,01+

Absorbance (a.u.)

t-ZrO,
1 6|50

1600 1550 1500 1450 1400

-1
vicm

Figure 3. IR spectra of pyridine adsorbed on A and B ZrO,.

distinction of the Bronsted and Lewis acidity. The Bronsted
acid sites are revealed only in the ZrO, tetragonal polymorph,
as shown by the PyH" band at 1547 cm ™", while the Lewis acid
sites are present in both polymorphs. However, the bands of
PyL are observed on both monoclinic and tetragonal zirconia;
they appear at different frequencies. For monoclinic ZrO,
(spectrum a), the bands of pyridine bonded coordinatively to
the Lewis sites appearing at lower frequencies (1445 cm™")
than for tetragonal polymorph catalysts (the band of Py-L at
1452 cm™'; spectrum b). This observation refers to higher
thermal stability of Lewis sites on the surface of t-ZrO,,
indicating that the Lewis acidity of Zr*" cations is higher for
tetragonal surfaces. The same conclusions can be drawn from
the analysis of the results of the pyridine thermodesorption
collected in Table 4.

Table 4 summarizes the results of the quantitative pyridine
sorption experiments for pure supports (m- and t-ZrO,) and
samples modified with CuO. Despite the fact that both
polymorphs revealed the same concentration of Lewis acid

Table 4. Bronsted (BAS) and Lewis (LAS) Acidity of the
Studied Catalysts

BAS LAS strength of strength of
catalyst [umol/m?] [umol/m?] BAS LAS
7r0,(A) 0/0.17* 0.87 -/0 020
7r0,(B) 040 0.89 0 040
Cu/Z:0, (I)  0.52 3.14 0 0.30
Cu/Zt0,(I) 073 4.13 0.15 0.55
Cu/ 0.89 4.94 0.13 0.75
ZrO,(111)
Cu/ 0.94 4.72 0.30 0.60
ZrO,(IV)
Cu/Zt0,(V) 040 093 0.10 035

dx.doi.org/10.1021/cs500979c¢ | ACS Catal. 2014, 4, 3730—3741



ACS Catalysis

Research Article

sites, in t-ZrO,, the acid sites are of significantly higher strength
(Ay70/Az50 = 0.20 for m-ZrO, vs 0.40 for t-ZrO,). Additionally,
the concentration of electron acceptor sites is at least 2-fold
higher than the protonic ones.

Deposition of CuO on ZrO, supports resulted in the
appearance of some amount of Brensted acid sites. This kind of
species can be formed on the surface of CuO/ZrO, due to its
ability to adsorb and then dissociate water on highly stable
oxygen vacancy defects.*®”> An enhanced Bronsted acidity has
also been reported for CuO,/WO,~ZrO, catalysts.”” In
addition, a significant increase of the Lewis acid site
concentration is detected at ZrO, as a result of the copper
ions’ presence. The strength of newly created Lewis sites was
also found to be higher than for the nonmodified support,
suggesting their high electron acceptor properties. Similarly to
m-ZrO,, the presence of CuO on tetragonal ZrO, results in the
enhancement of the number of both Brensted and Lewis acid
sites. Nevertheless, the increase of the Lewis acid sites
contribution to global acidity is 4—S5-fold higher when
comparing to the pure t-ZrO, support. The Lewis acid sites
of considerably high strength are found also for CuO/t-ZrO,.
The influence of CuO introduction on the enhanced acid
properties of ZrO, catalysts can suggest the strong interaction
between copper and zirconia ions. It was reported that the
catalytic activity increased with the strength of interaction
between CuO and ZrO,”* As a p-type semiconductor, the
work function of ZrO, is higher than that of copper; thus the
strong interaction between CuO and ZrO, results in electron
deficiency on copper. Consequently, due to the presence of
stronger interaction between copper species and ZrO,, the Zr
species have been evidenced to lead to the facile reduction of
Cu** to Cu*/Cu’.”>"* Strong interactions between the highly
dispersed active CuO component and the tetragonal ZrO,
support resulted in the presence of Lewis acidic sites of both
high strength and high abundance. Such species are supposed
to be responsible for the higher CO, conversion and high
methanol yield.

3.4. Stabilization of Tetragonal ZrO, in Cu/ZrO,
Catalysts. Table 5 collects computed oxygen vacancies’
formation energies on different facets of both tetragonal and
monoclinic ZrO,, their relative abundances (taken from refs 42
and 43) at temperatures not exceeding 5SSO K, which are
relevant to the experimental conditions, and mean oxygen
vacancy formation in the crystal of each phase computed upon
these data, according to the formula

Ey = Z Eyac(surf n) X cont(surf n)

n

where Eyac(surf n) is the energy of vacancy formation on
surface n and cont(surf n) is the abundance of surface n at a
given temperature.

It is found that it is easier to create vacancies in the tetragonal
phase than in a monoclinic one in the studied temperature
range. This result is a consequence of the fact that participation
of (111) facets, on which the oxygen vacancies are formed
much easier, is higher in t-ZrO, in comparison with the
monoclinic polymorph.

The importance of oxygen ion vacancies in ZrO, was
suggested by different research groups.” Such oxygen vacancies
are generated either at higher temperature or due to doping
with different impurities. There are several reports in the
literature which support the hypothesis that the tetragonal
phase in doped ZrO, is stabilized at a higher temperature
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Table 5. Computed Energies of Oxygen Vacancy Formation
on Different Surfaces of Monoclinic and Tetragonal Zirconia
and Mean Energies of Oxygen Vacancy Formation on ZrO,
Nanocrystallites

relative abundances of different facets® (%

content)

tetragonal E, [eV] T=0°C 150 °C 300 °C
101 3.77 6 12 35
001 442 8 12 11
100 3.12 8 13 13
111 225 49 48 26
110 2.70 28 15 15
E, e [eV] 2.69 2.87 320

(% content)

monoclinic E,. [eV] T=0° 150 °C 300 °C
—111 3.31 45 24 20
111 2.25 24 21 22
011 2.90 6 38 45.5
001 3.57 16 11 12
101 2.29 0 3 0.5
100 3.28 10 3 0
E, 0 [eV] 343 324 322

“Relative abundances of different surfaces are taken from refs 42 and
43.

because of the oxygen vacancies’ presence.”*””® In addition, the
presence of various anions such as OH™"® and CO,™** within
the ZrO, lattice stabilizes the tetragonal phase at room
temperature.

As found by Dviwedi and Cormack,® the dopant atoms such
as Ca are coordinated by a full complement of oxygen atoms,
and the formal anion vacancies are nearest neighbors to Zr
atoms. However, in another paper,®” it was found that the anion
vacancies tend to be rather nearest neighbors to the dopant
atoms than Zr. This finding is also supported by results
obtained in ref 83, where authors showed that charge excess of
divalent impurities in zirconia is compensated by oxygen
vacancies, and at high temperatures, in dipoles the impurity—
vacancy is very closely located relative to each other and anion
vacancies are mobile. Both cation impurities and oxygen
vacancies can be considered as randomly distributed among
lattice sites and can occupy the nearest-neighbor or next-
nearest-neighbor sites.

According to Stefanovich and Shluger,83 the main factors,
which have influence on the stabilization mechanism of the
cubic and tetragonal zirconia phase by impurities, are the lattice
distortion around vacancies, lowering of the dielectric constant,
and increasing of the zirconia ionicity by the addition of
divalent impurities.

3.5. Catalytic Activity of the Catalysts. Methanol, water,
and carbon monoxide were the only products of CO,
hydrogenation under the conditions of the catalytic tests. The
results of the catalytic tests are collected in Table 6.

It was generally accepted that the reaction occurs according
to the following parallel reactions:™

CO, + 3H, < CH,0H + H,0 1)

@)

In our experiments, the total conversion of CO, was between
0 and 15%, depending on the temperature and activity of the
catalysts, but generally conversion was low, so the hydro-

CO, + H, « CO + H,0
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Table 6. Catalytic Activity of the Cu/ZrO, Catalysts in CO,
Hydrogenation to Methanol

selectivity [%]

methanol
formation rate
CO, [pmol
temperature  conversion CH%OH /
catalyst K] [%] methanol CO (m* h)]
ZrO, 473 0 0 0
493 0 0 0
S13 0 0 0
533 0.5 100 0
Cu/ 473 0 0 0
Z:0,(1) 493 0 0 0
513 2.2 100 0 12.8
533 3.3 100 0 14.1
Cu/ 473 1.5 100 0 12.9
ZrO,(1D) 493 24 100 0 207
S13 3.5 100 0 302
533 S.5 100 0 47.3
Cu/ 473 5.3 100 0 26.1
ZrO,(1D) 493 7.8 100 0 386
513 10.7 97 3 53.5
533 15.0 86 14 63.9
Cu/ 473 2.4 100 0 16.9
Zr0y(1v) 493 36 100 0 28.7
513 5.8 100 0 41.0
533 8.6 92 8 56.3
Cu/ 473 24 100 0 6.8
Zr0,(V) 493 64 95 5 17.3
S13 10.5 69 31 20.5
533 14.0 62 38 24.5

genation of CO, to methanol was the main route of the
reaction because it was faster than the conversion of CO, to
CO.> The investigated system is far from the equilibrium in
such conditions and the reaction is controlled kinetically. The
selectivity to methanol decreases with increasing temperature,
which is due to a higher contribution of the endothermic
RWGS reaction. Tests with both ZrO, polymorphs revealed
that the zirconia support is inactive in the investigated
temperature range. The methanol formation rate referred to
the unit of the catalyst surface used for comparison of the
activities of Cu/ZrO, catalysts. Figure 4 shows the dependence
of the methanol formation rate as a function of the content

70 4

533K

60 -

513K

Rate of methanol formation
[emolCH30H/m’h]

0 -—
0 20 40 60 80 100

%t-ZrO,

Figure 4. Methanol formation rate as a function of t-ZrO, content.

tetragonal polymorph of ZrO, in the catalyst. One can see that
the catalytic activity increases with increasing content of
tetragonal ZrO, in the catalyst, which indicates that the Cu/t-
ZrO, catalyst is a more active component than Cu/m-ZrO,. At
the same time, from Figure 5, Cu/ZrO, catalyst activity is

65
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Figure 5. Methanol formation rate at 533 K as a function of the

concentration of acidic sites. () Lewis acid centers, (®) Bronsted
acid centers.

linearly correlated with both forms of acidity (Brensted and
Lewis). Thus, t-ZrO, favors the formation of acid sites
generating activity of a catalyst in the synthesis of methanol
over Cu/ZrO,. On the other hand, according to data from
Table 1 and Table 6, catalytic activity is not correlated with
metallic copper dispersion. The average value of methanol
formation rate per one acidic center (TOF) for 533 K for Lewis
and Broensted is equal to 3.2 X 107 (CH,OH molecules/s) and
17.3 X 107* (CH;0H molecules/s) respectively. These values
are comparable with the TOF values for industrial catalysts
(3.5/10) x 10~% (CH;OH molecules/s).

4. DISCUSSION

We will begin the discussion by summarizing the existing
findings concerning the catalytic activity of ZrO, polymorphs.
The results of the measurements of the methanol formation
rate from CO, or CO related to the unit of the catalyst surface
obtained by different authors are collected in Table 7.

Since the rate measurements were carried out at different
pressures of the reactant mixtures, for comparison, the reaction
rate (r) was recalculated for the same value of pressure (8
MPa), using the empirical formula (r ~ poo5). 2

Figure 6 shows the results obtained in this work (solid lines)
in comparison to the reference data in the form of the linear
system corresponding to the Arrhenius equation. As can be
observed, our results, which show that Cu/t-ZrO, is more
active in the methanol synthesis from H,/CO, than the Cu/m-
ZrO, catalyst, correspond to the findings of most authors. It is
clearly shown in ref 28, where comparison of the activities of
the monoclinic and tetrahedral ZrO, polymorphs, as well as
amorphous ZrO, were carried out. The opposite trend
presented by Bell et al*' is definitely unique. Furthermore,
the reaction rates, determined by these authors for catalysts
comprising t-ZrO,, are very low and significantly differ from the
rest of the results. It appears that in the case of a sample of this
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Table 7. Literature Data for Different CuO/ZrO, Catalysts Studied in CO, Hydrogenation to Methanol

methanol formation rate (%) [umol
CH,0H/ (m’ h)]

catalyst
Cu [atom
%] preparation method phase composition
9 coprecipitation
calc. 723 K 100% t-ZrO,
cale. 623 K 100% t-ZrO,
S0 sequential precipitation amorphous or
microcrystlline
13 low temperature supercritical drying t£>m
impregnation of supports
pH<1 100% m-ZrO,
tZ210, pH = 10 100% t-Z1O,
deposition precipitatiopn
1.1 m-ZrO, 100% m-ZrO,
1.1 t-ZrO, 100% t-ZrO,
9 impregnation of ZrO, supports calcd.
623 K

amorph
100% m-ZrO,
100% t-ZrO,

specific surface area

[m?/g] 493 K S13K S33 K S48 K 573 K  references
H,/CO, = 3; 1.7 MPav 25
158 11
213 10 14
161 H,/CO, = 3; 1.7 MPa 14
19
139 H,/CO, = 3; 1.7 MPa 27
19 20
H,/CO, = 3; 0.65 MPa 548 K conversion 30
of CO,/g cat.
16"
68"
CO hydrog. H,/CO = 3; 3 MPa 31
143 20
150 2
CO hydrog. H,/CO = 2; 2.8 MPa 28
148 18
38 44
24.5 216

“Rate of reaction (r) recalculated to p = 8 MPa according to formula r ~ p®% [ref 24]. »CO, conversion at 548 K

557 <28t

5,0
451
= Boma-—
& 4,04 m{14]amorph
S < [28]m 327] B ¢y
= 35 [25]t Hm_
% v > 025]1 v T A—71%t.2r0 (citr.)

97 28Jamorph = U -

T « [28Jamorp ~ i 6 7 100%t-260 citr)
% 2,54 = 33%t-ZrO (Bell)
€ 201 O 15%t-Zr0,(NaOH)
-E' 15 - 7%t-Zr0 (Bell)
= 104

0,5

T [31}“ T T T T T 1
175 180 1,8 19 195 200 205 210 215
1000/T

Figure 6. Logarithms of methanol rate formation as a function of 1/T
obtained on the basis of literature data and our results. Rate of reaction
(r) recalculated to p = 8 MPa according to formula r ~ (0.65).**
References numbers are in square brackets.

catalyst, an additional factor has caused the abnormal decrease
in its activity.

The results obtained in this work fully correspond with our
earlier findings on the catalytic activity of the Ag/ZrO,
system.*! In this work, we have found that the methanol
formation rate increases with increasing t-ZrO, content phase
in the catalyst, and the active centers are Ag" ions incorporated
into the ZrO, network near oxygen vacancies. Action
mechanism of the Ag/ZrO, and Cu/ZrO, catalysts is therefore
analogous, but establishing that it is valid for the Cu/ZrO,
system is more important because this system has high activity
and therefore is the component of many active methanol
synthesis catalysts used in industrial practice.

The presented studies showed that there is a linear
correlation between catalytic activity and acidity of the catalysts
for both Brensted and Lewis centers. This means that in the
catalysts with increasing t-ZrO, phase content, in parallel with
an increase of the catalytic activity, the catalyst acidity increases.
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Thus, the IR analysis shows that the tetragonal phase stimulates
catalyst acidity, which again is in contrast to the findings of Bell
et al.>%*! However, Bell believes that the acidic centers exist
only on the surface of ZrO, and copper works as an active
center for methanol formation only exclusively in metallic form,
causing the dissociative adsorption of hydrogen. However, our
results show that the acidity of zirconia and its catalytic activity
is negligible, while the acidic centers, which are involved in the
reaction, are formed with the participation of copper. It is
evident that copper present in the centers must be in cationic
(Cu* or Cu**) form. At the same time, the results presented in
Table 4 show that the concentration of Lewis acid sites is
several times higher than the concentration of Bronsted centers,
suggesting that the former are responsible for the increase in
catalytic activity.

The fact that in our study we found no linear correlation
between the methanol formation rate and the surface of
metallic copper, which is often observed by other authors,
requires comment. Already Joyner®* noted that the correlation
coefficient in this relation in many times is low, which indicates
that the active surface of Cu is not the only factor determining
the catalytic activity. Burch et al,** Robinson and Mol,*® and
Baiker and Képpel'® found that the present correlation is not
general and is valid rather for a specific series of catalysts in
which only one parameter is changed (e.g, Cu loading).
Catalysts tested by us were obtained by different methods,
resulting in changes of the composition of the zirconia carrier
phase by changing the ratio of two polymorphs of ZrO,
(monoclinic and tetragonal). In this situation, as we have
seen, a decisive factor for the rate of formation of methanol
proved to be the concentration of acidic centers consisting of
Cu cations connected to oxygen vacancy.

Spectroscopic studies (Auger and XPS) showed that at the
surface of the catalyst, even after prolonged contact with a
mixture of reactants, copper is present not only in metallic Cu’
form but also as a Cu" cation and as the surface copper
hydroxide. The concentration of the cationic forms on the
substrate depends on the nature of zirconia and is several times
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higher for tetragonal ZrO, phase in comparison to monoclinic
ZrO,. Copper ions, which are the components in pure oxides
(CuO, Cu,0) are thermodynamically unstable in a reducing
atmosphere but are stabilized by introduction into the ZrO,
lattice. On the basis of the results discussed in section 3.4, we
can assume that the stabilization of t-ZrO, at a lower
temperature is associated with the presence of oxygen
vacancies. Incorporation of Cu* or Cu’* ions into the ZrO,
network compensates for the negative charge of vacancies and
further contributes to the stabilization of the tetragonal ZrO,
phase. Our theoretical calculations, taking into account the
contributions of the different lattice planes in monoclinic and
tetragonal ZrO, polymorphs, showed that oxygen vacancies are
formed easily on the (111) facet, which is favored in a
tetragonal ZrO, phase at temperatures below 550 K, which is
also in the area of high activity Cu/ZrO, catalysts. Cu cations
located near the oxygen vacancies act as the electron acceptor,
i.e,, Lewis acid centers and OH groups associated with copper
as the Bronsted ones. In contrast, metallic copper dispersed on
the ZrO, surface produces atomic hydrogen as a result of
dissociation of H, molecules."”® The fact that the methanol
formation rate depends on the concentration of acid centers
containing copper cations indicates that dissociation of
hydrogen must be fast and hydrogenation of one of the
transition complexes, leading to methanol, is the controlling
step of the reaction rate. This is consistent with the generally
accepted opinion on the mechanism of this reaction, which
indicates the hydrogenation of the surface formate as the
slowest step.' ™
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