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ABSTRACT: Ag/ZrO, and Ag/ZrO,/ZnO catalysts obtained by the copreci-
pitation method were studied in the CO, hydrogenation to methanol. The
catalyst structure was determined using X-ray diffraction (XRD) and Thermo-
Programmed Reduction (TPR). The X-ray Photoelectron Spectroscopy (XPS) co
and Auger spectroscopies were used to determine the silver electronic state. It 2 \ SURFACE
was found that selection of the appropriate conditions of the catalyst preparation  Ag°/zrO,

influences silver dispersion degree, its electronic state, and contents of the

. Formates — » Methanol
Ag'It-ZrO, |-~ Complexes

CATALYST GAS
PHASE

™ 0,H,CO ——* CO+H,0

zirconia polymorphic phases (tetragonal and monoclinic). The presence of

oxygen vacancies stabilizes both the thermodynamically unstable t-ZrO, phase and the Ag™ cations, which are present in the vicinity
of oxygen vacancies. The catalytic activity to methanol increases with increasing t-ZrO, content but RWGS reaction is accelerated by
dispersed metallic silver. The implications of the obtained results for the mechanism of the catalytic hydrogenation of CO, are

discussed.
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1. INTRODUCTION

Synthesis of methanol from CO, has been widely studied
during the past years. Processing cheap raw materials such as
CO, and the need to mitigate the greenhouse effect have been
among the reasons behind this research.' > Another important
reason has been the search for new energy sources. The cycle
hydrogenation of CO,—steam reforming of methanol can become
a mobile source of hydrogen which is applied in the fuel cells.*

Systems containing copper and ZrO,, also in combination
with other oxides (ZnO, Al,Os, Ga,05, etc.), are active in the
reaction of hydrogenation of CO, to methanol.””** Alternative
catalysts, containing silver in the place of copper, are less active in
the methanol synthesis and for that reason they have been less
investigated.* >

The data concerning the selectivities of these catalysts are not
entirely univocal. Baiker et al.**> and Kppel et al.* think that
selectivities to methanol in hydrogenation of CO, for both Ag/
Zr0O, and Cu/ZrO, catalysts are similar. However, closer analysis
of the results included in the paper,” shows that in comparison
with Cu/ZrO, catalyst the silver catalyst has a little higher
selectivity at lower temperature (below 500 K). However, closer
analysis of the results included in the paper,” reveals that silver
catalyst exhibits slightly higher selectivity to methanol at lower
temperature (below 500 K) in comparison with Cu/ZrO,
catalyst. Moreover, Frohlich et al.** pointed out that doping of
Cu/ZrO, with silver leads to the increase of the selectivity to
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methanol without change of CO, conversion. According to the
paper of Rhodes and Bell,*® for the Cu/t-ZrO, catalyst, at the
conversion below 1%, methanol selectivity is in the range 75—
95% and depends on the reaction temperature and the catalyst
preparation, while the selectivity to methanol for silver catalysts
obtained in the same conditions is around 100%.

Structure and operational mechanism of the copper catalysts
have been extensively studied. A synergy between active metal
and ZrO, or ZnO was found in these systems, and it is believed
that the stabilization of Cu™ ions on the surface of the catalyst
plays an important role in this phenomenon.****"*® The pre-
sence of Cu " facilitates the adsorption of CO, and the formation
of the transitive complexes leading to the formation of
methanol.*”?%**7%" It is widely accepted that the hydrogenation
of the formate type complexes is the rate determining step of the
reaction.>”*® On the other hand, the parallel RWGS process
occurs in accordance with the simple redox mechanism on the
surface of metallic Cu.*’~*" In contrast, no systematic informa-
tion on the mechanism of hydrogenation of CO, to methanol
over silver containing catalysts has been available.

The aim of this paper is to find out if the synergy effect,
analogous to that postulated for the copper catalysts, exists in the
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Ag/ZrO, and Ag/ZrO,/Zn0O systems and to elucidate the
mechanism of such synergy. Structural modifications in the
Ag/7ZrO, and Ag/ZrO,/Zn0O systems were introduced by chan-
ging the composition and preparation methods, and these
modifications were correlated with the activity and selectivity
of the catalysts in the hydrogenation of CO, to methanol.

2. EXPERIMENTAL SECTION

2.1. Preparation. The oxide precursors of the catalysts were
synthesized by the coprecipitation method using NaOH or
Na,CO; as the precipitant agent. The solution containing
appropriate amounts of AgNO; and ZrO(NO), with a possible
addition of Zn(NOj3),, and the precipitant solution were added
simultaneously drop by drop to a vessel containing deminer-
alized water. The precipitation was performed at a constant
temperature of about 353 K, constant pH of 7 or 9 for Na,CO;
and NaOH, respectively, and under vigorous mixing. After the
precipitation, the mother liquid was held at 353 K and under
mixing for 1 h. After cooling down the mixture to ambient
temperature, the precipitate was separated by S-fold centrifuga-
tion at 3500 rpm and washed with demineralized water. Then,
the precipitate was dried at 373 K, milled, and subsequently
calcined at 623 K for 10 h in the air flow. After cooling down, the
obtained oxide precursor was milled again. The Aldrich reagents
of 99.99% purity were used. The molar ratio of ZrO, to ZnO in
the precursors containing zinc was constant and corresponded to
the 3ZnO-ZrO, stoichiometry. According to Nitta et al,* such
composition is optimal for the copper catalysts used in the
methanol synthesis from CO,. Ag,O was obtained from AgNO;
by the precipitation of AgOH using NaOH solution. 3Zn0O-ZrO,
and ZrO, supports were obtained using the methodology
described for the precursors but without any silver addition.
The catalysts' composition was controlled by determination of
metallic components (Ag, Zr, and Zn) by ICP-OES method
using a Perkin-Elmer spectrometer Optima 2100DV .

2.2. X-ray Diffraction (XRD) Measurements. Diffraction
patterns of the oxide precursors and the used catalysts were
collected with a Bruker AXS D505 powder diffractometer. CuKa
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 by a multiphase
Rietveld refinement using the TOPAS software. The fundamen-
tal parameter calculations were carried out according to ref 43.

2.3. Electron Spectroscopy. The X-ray Photoelectron Spec-
troscopy (XPS) and X-ray Auger Electron Spectroscopy (XAES)
measurements were performed in an ultrahigh vacuum (3 x 10~
'% mbar) system equipped with a hemispherical analyzer (SES R
4000, Gammadata Scienta). The unmonochromatized MgKo
source of incident energy of 1253.6 eV was applied to generate
the core excitation. The spectrometer was calibrated 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 0.9 eV.

For the analysis, powder samples were pressed into indium
foil. The analysis area of thus prepared samples was about 3 mm”.
No gas release and no change in the sample composition were
observed during the measurements.

The CasaXPS 2.3.12 program was applied for the analysis of
the XPS and XAES spectra. The spectra were calibrated using the
maximum of the C 1s core excitation at the electron binding
energy (BE) of 285 eV (this peak can be assigned to the adsorbed

hydrocarbons treated 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
done by application of the Voigt-type line shapes (70:30 Gian/
Lorentzian product).

2.4. Scanning Electron Microscope Measurements. The
study of the morphology and chemical composition of the silver
catalysts were carried out by means of JEOL JSM-7500F Field
Emission Scanning Electron Microscope with the EDS (energy
dispersive spectra) detection system of characteristic X-ray
radiation. K§75X Turbo Sputter Coater was used for coating
the catalysts with chromium (deposited film thickness, 20 nm).

2.5. Thermo-Programmed Reduction (TPR). The reducibil-
ity profiles of the oxide precursors and their components were
obtained using a u-shape quartz flow reactor (diameter ca. S
mm). About 0.3 g of the precursors or 0.1 g of each given
component was mixed with about 0.25 g of Al,O;. A 0.1 g portion
of the mixture was used for the TPR measurements. A mixture of
5% H, in Ar was used as a reducing agent. Before the TPR
analysis, all the samples were kept in a stream of helium at 373 K
for 1.5 h to remove physically adsorbed water. Subsequently,
each sample was cooled down to ambient temperature, and the
TPR analysis was performed with a temperature ramp of 10 deg/
min and a flow rate of the reducing mixture of 30 cm?/min. The
water formed during the reduction was removed by a cold trap.
The TPR profiles were recorded using a TCD detector.

2.6. Catalytic Measurements. The activity of the catalysts
was tested in a high pressure fixed bed flow stainless steel reactor
(vol. ca. 8 cm®) connected online to a gas chromatograph,
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.
Reactor internal diameter was 8 mm; a thermocouple was placed
in the middle of the catalyst layer which was put between two
layers of the porcelain of the same grain size as catalyst. One cm®
of a catalyst with the 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 under atmospheric
pressure for 3 h and activated in the mixture of reactants by
raising the temperature by steps of 30 deg between 473 and 623
K every 2 h. The catalytic activity in the methanol synthesis was
determined under the following conditions: pressure 8 MPa,
temperature range 453—533 K, space velocity of the reactants
flow GHSV = 3600 h ™!, 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 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 as “used
catalysts”. It is assumed that the composition and structure of the
used catalysts correspond closely to the composition and struc-
ture of the working catalysts at the stationary state which is
established under conditions of the catalytic reaction.

3. RESULTS

3.1. Phase Composition and Morphology of the Catalysts.
Symbols, nominal compositions of the studied catalysts, and
specific surface areas of the oxide precursors are listed in Table 1.
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Table 1. Characterization of the Silver Catalysts

nominal composition [at %]

precipitant symbol Ag
NaOH (pH = 10) ZrAgl0 10
ZrAg30 30
ZrZnAgl0 10
ZrZnAg30 30
ZnAgl0 10
Na,CO; (pH =7) ZrAg30 30
ZrZnAgl0 10
Z+ZnAg30 30

ZrZnAg62.5 62.5
ZnAgl0 10

Zr

90
70
22.5
17.5

70

22.5

17.5
9.4

Zn surface area [mz/ g] precursor/used catalyst

0 170/102

0 115/60
67.5 102/41
52.5 30/26
90 S/S

0 $8/11
67.5 41/30
52.5 44/25
28.1 19/15
90 34/21

The results show that the usage of NaOH as the precipitant leads
to the formation of precursors with considerable higher specific
surface areas in comparison with the analogous precursors
obtained by the precipitation with Na,COs;. In the NaOH series,
the observed decrease in the surface area follows the increase in
the Ag and ZnO content. The surface areas of the samples from
the Na,COyj series are much more uniform and no correlation
with the content of particular phases is observed. In both series, a
decrease in the specific surface area of the catalysts takes place
during the reaction. These changes cannot be further analyzed
because the time on stream and temperature were not always the
same for all the catalysts during the measurements.

The XRD patterns of the selected precursors and the used
catalysts from both series (NaOH and Na,CO3) are shown in
Figure 1. The crystallization of ZnO and Ag occurs in the zinc
oxide containing precursors. In contrast, the crystallization
degree of silver is small or even unnoticeable in the samples
with the same Ag content but without ZnO. The presence of
ZrO, in the precursors is manifested by a broad peak in the range
of 20 = 30°, where the main diffraction maxima characteristic of
two phases are located: 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 the diffraction peaks' deconvolution and the content evalua-
tion of both phases. An example of such deconvolution for two
catalysts with different t-ZrO,/m-ZrO, ratios is presented in
Figure 2. It can be concluded from the comparison of the XRD
patterns shown in Figure 1 panels A, B and C, D that the
noticeable crystallization of the metallic silver and both types of
ZrO, is a result of a long-term treatment of the catalysts in the
reactant flow under a condition of high pressure (8 MPa) and at
an elevated temperature (473—533 K). Incidentally, the forma-
tion of small amounts of ZnCO; was observed in the case of the
ZrZnAg30 catalyst (Na,CO3).

The results of full quantitative XRD analysis by the Rietveld
method are shown in Table 2, which comprises the quantitative
composition of the used catalysts and the comparison between
crystal sizes of the equivalent phases in the precursors and the
used catalysts. In the same table the results of chemical analysis of
chosen catalysts are presented. As can be seen, the contents of
particular phases are close to their nominal values. The discre-
pancies are in the limit of an error of the implemented method.
The comparison of both series of catalysts at the stationary state
reveals that the t-ZrO, phase content in the NaOH series is
considerably higher than in the corresponding catalysts in the
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Na,COj series. Furthermore, the catalysts of the NaOH series
exhibit a relatively high dispersion of Ag, particularly in samples
containing only ZrO,. In the Na,COj series, the Ag crystal sizes
are significantly higher, and the addition of ZnO favors the silver
aggregation. The crystal sizes of ZnO are similar in both series
and independent of the catalyst compositions. Both polymorphic
phases of zirconium oxide are microcrystalline. In the Table 3 the
lattice parameters of the tetragonal ZrO, are presented for the
catalysts which contain significant amount of this phase. The
tetragonal ZrO,, which is present in the used catalysts, exhibits
decreased dimensions of the lattice in comparison with the
standard values (PDF-4*'), which corresponds with partial
reduction of ZrO, and the formation of oxygen vacancies.*’

The SEM measurements were carried out to show the metallic
silver distribution in the studied catalysts. For example, the SEM
imaging of two catalysts, ZrAgl0 (NaOH) and ZrAg30
(Na,CO3), are presented in Figure S. As observable from Figure 5
panels A, B, and C, the polydispersive silver crystals (white spots)
are deposited on ZrO, polycrystalline aggregates. Scanning
analysis of the chosen fragment of catalyst surface (Figure SC)
shows that white spots are silver microcrystallites. Much finer
crystallites of silver are visible in the electronic version of the
images. EDS analysis showed that about 5 to 10% of the surface
silver content is finely dispersed and stays in close contact with
ZrO,.

3.2. Surface Properties of the Catalysts. The surface com-
position of the selected silver catalysts (5) was determined using
XPS (Tables 4, 5, and 6). The analfcic depth of the method was
6.6 nm in the studied samples. ® For the ZrAg30(NaOH)
samples, the XPS technique gives a Ag/Zr surface ratio in the
range of 0.6—0.7, which points to the surface enrichment in silver
when compared to the nominal Ag/Zr bulk ratio of 0.43. In
ZrAgl0(NaOH) sample, the Ag/Zr ratio was equal to the bulk
composition (0.1). The silver (Ag® and Ag") deficiency at the
surface was observed in all samples obtained by the Na,CO;
method. Moreover, this amount was approximately 50% lower
than the one found for the catalysts obtained by the NaOH
method. Carbon compounds and small amounts of sodium and
phosphorus are the main surface contaminants of all analyzed
catalysts.

The C 1s spectra (see the Supporting Information) are
dominated by the component assigned to the C—C bonds (BE
= 285 eV), but two other components related to C=0 bonds
(287.5 eV) and to CO; (289.6 eV) are also observed. The
presence of these maxima hints to an adsorptive origin of the

dx.doi.org/10.1021/cs100033v |ACS Catal. 2011, 1, 266-278
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Figure 1. XRD patterns of AgZnZr catalysts obtained by Na,COj3 (A, B) and NaOH (C,D) methods: precursors (A, C), used catalysts (B, D), and
supports (E). Keys: *, ZnO; #, Ag; +, ZrO,; @, ZnCOs.
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carbon impurities (adsorption of hydrocarbons and CO, from
the ambient environment). Only in case of the sample obtained
by the Na,CO; method is the C 1s peak assigned to carbonates
showed larger intensity, that is, 34% when compared to the one
(around 20%) in the samples obtained by the NaOH method.
The main component in the oxygen O 1s spectra (see the
Supporting Information) at BE = 530 eV (65%) is characteristic
of the O-metal bond, whereas the peak at 531.8 eV can be
assigned to OH groups at the surface. A very limited difference
between the concentration of hydroxyl groups in the precursor
and in the used catalyst was observed. No significant changes
were observed in the Zr 3d spectra for all samples. The main Zr
3d spectrum component (97%) at BE of 182.2 eV was assigned to

ZrAg30 (Na2C03)

ﬁ.{...}-‘!ﬂf—--- ;_.— & .
w — —

20 30 40 60
2theta

ZrAg10 (NaOH)

T

Ze*" ion in ZrO,.*”*® The Zr 3ds,, low intensity component at
180.2 eV was found to have similar BE like zirconium cations in
oxygen deficient zirconia oxide systems.*”*° Therefore the latter
specie can be attributed to Zr*" ions bonded to oxygen vacancies
presented at the zirconia surface.*

The Ag 3d spectra of the oxide precursor and the used
ZrAg30(NaOH) catalyst were deconvoluted into three compo-
nents, which are presented in Figure 3 and Tables S and 6. An
analysis of the small intensity components (A and C) of the Ag
3d core excitation at 366.5 and 369.1 eV (Table 6) points to the
presence of Ag”" ions (component A) and Ag nanoparticles/
clusters (component C) at the surface of both catalysts. The main
spectrum component of above 70% of the overall Ag 3d intensity
at BE 0f 367.9 eV could be assigned to Ag " ions.*”**>' 7% In case
of the Ag 3d core excitation, the electronic states of different
silver species show limited difference in BE. Therefore, to
determine the electronic state of silver in the studied catalysts,
the XAES measurements were performed. On the basis of Auger
spectra, the modified Auger parameter (0’ = Ag 3ds,, (BE) + Ag
M,N,sN,;s (KE)) was calculated (Table S). The analysis of the
Auger spectra shape (Figure 4), the values of the Auger para-
meter and the BE of Ag 3ds , core excitation suggested that silver
is present predominantly as Ag" ions in all the Ag/ZrO,
catalysts. Moreover it could be postulated that silver cations
are located in an electronegative/electrophilic environment. The
claim that the silver cation is surrounded by an electronegative
environment was supported mainly by analysis of modified
Auger parameters 0 and electron binding energies. The BE
values obtained for Ag 3d in the studied samples were within the
range of parameters presented elsewhere for Ag"
species.””*#3175* The o parameter located in the range for
metallic silver (slightly above the value for Ag™ ions) suggested
metallic character of the silver species in our samples. However,
the shapes of XAES spectra (Figure 4) were similar to the ones

Table 3. Lattice Parameters of Tetragonal ZrO,,

. precipitant catalyst a[A] c[A] V[A%]
60
2theta NaOH ZrAgl0 3.605(1) 5.179(2) 67.31(4)
ZrAg30 3.597(1 5.167(1 66.84(2
Figure 2. Deconvolution of the XRD patterns for two catalysts, e (1) (1) @)
ZrAg30-Na,CO3 and ZrAgl0-NaOH, with different contents of the ZrZnAglo 3.58(1) 5.15(1) 661(2)
tetragonal phase of ZrO, (t-ZrO,). Keys: dashed lines, t-ZrO,; solid Na,COs ZrAg30 3.599(2) 5.16(1) 66.8(1)
lines, m-ZrO,; dotted lines, silver. PDF-4 3.61(3) 5.21(7) 68(2)
Table 2. Results of Rietveld XRD Analysis for the Silver Catalysts®
composition of used catalysts[wt %] nominal/Rietveld (chemical analysis) crystallite sizes[nm] precursor/used catalyst
precipitant  catalyst Ag ZnO ZrOs(m) ZrOs(y) Y0pZ, Ag ZnO ZrOy(m) ZrOy )
NaOH ZrAg10 9/7 0/0 -/14 -/80 91/94 N/s -/7 -/11
ZrAg30  27/26 0/0 -/9 -/64 73/73 N/6 -/8 -/14
ZrZnAgl0  11/8 (10.8) 59/52 (56.1) -/0 -/20 30/30 (33.9) N/20 39/43 -/- -/N
ZrZnAg30  34/32 (330)  44/68 (46.7)  -/N -/N 22/N (20.5) 45/44 40/45 -/N -/N
ZnAgl0 13/10 87/90 0 0 0 106/98 40/44
Na,CO;  ZrAg30 27/31 (25.0) 0/0 (0.0) -/59 -/10 73/69 (74.2) N/14 -/2 -/12
ZrZnAgl0  11/8 59/69 -/21 -/2 30/23 N/32 25/24 -/5 -/9
ZrZnAg30  34/30 (30.5) 44/46 (50.3) -/15 -/8 22/23 (19.1) 22/30 61/46/ -/15 -/8
ZrZnAg62.5 66/71 23/21 -/5 -/3 11/8 -/41 -/4S -/5 -/-
ZnAgl0 13/9 87/91 0 0 0 138/119 19/31
“N, indeterminable; “-”, lack of data.
270 dx.doi.org/10.1021/cs100033v |ACS Catal. 2011, 1, 266-278
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Figure 5. SEM imaging of silver catalysts. (A) ZrAg10 catalysts obtained by NaOH method; (B) ZrAg30 catalysts obtained by Na,CO; method; (C)

scanning analysis of chosen silver crystal (~100 nm).

Table 4. Surface Composition of AgZr30 (NaOH) Catalyst

surface composition (at %)

sample (¢} @ Ag Zr Na P

Oxide precursor 46.4 173 14.2 21.0 0.8 0.3
Used catalyst 44.7 16.1 14.3 23.6 11 0.1

observed in AgNO, and Ag,O with relatively large M,VVy
excitation at KE of 350 eV.>! Moreover, all other samples
obtained with either NaOH or Na,CO; method after the
reaction showed the maximum of Ag 3d excitation at BE in the
range of 367.2—367.9 eV, that is, in the range observed for Agfr
species.”*® Additionally in the latter case, the o/ parameter
showed the values in high range of metallic silver whereas the
shape of Auger spectra was similar to the one for Ag" in AgNO,
and Ag,0. Therefore, the electronic state of silver seems to be
similar to that in AgNO, that can be assigned to Ag+ in an
electronegative environment. This leads to the conclusion that

Ag™" can be located in the vicinity of the oxygen vacancies of
ZrO,. The ZrAg30 catalysts obtained using NaOH or Na,CO;
differ significantly in the content of the ZrO, polymorphic forms.
In the NaOH series, the tetragonal form of ZrO, is predominat-
ing, whereas in the Na,COj series, a higher content of the
monoclinic form is observed (see paragraph 3.1). According to
the aforementioned papers,”' ~>* a decrease of the o parameter
reflects an increase in the amount of Ag" at the expense of the
metallic silver. Guided by this rule one can state that the
oxidation degree is higher in the precursor in comparison to
the used catalysts. It seems that the presence of the tetragonal
phase of ZrO, is stabilized by Ag" ions connected with oxygen
vacancies in the surface layer of the used catalyst.

It is worth noticing that in all ZrAg(NaOH) systems around
80% of silver is at a 41 oxidation state, and no one sample showed
silver deficiency at the surface. On the other hand, both analyzed
samples that were obtained by the Na,CO3; method exhibited
silver deficiency at the surface. Moreover, the sample containing
zinc (ZnZrA10) showed relatively low amount of Ag™ ions.

dx.doi.org/10.1021/cs100033v |ACS Catal. 2011, 1, 266-278
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Table 5. XPS and XAES Data for the Studied Catalysts

sample Ag MVV [KE] (eV) Ag 3ds), [BE] (eV) o (eV) Ag/Zr Agt/Zr
oxide precursor ZrAg30(NaOH) 357.5 368.2 725.7 0.68 0.49
used catalyst ZrAg30(NaOH) 358.1 367.9 726.0 0.60 0.48
used catalyst ZrAgl0(NaOH) 358.5 367.8 726.3 0.10 0.08
used catalyst ZrAg30(Na,CO3) 3584 367.9 726.3 0.24 0.19
used catalyst ZnZrAg10(Na,CO3) 358.4 367.2 725.6 0.17 0.10
Table 6. Components of Ag3d;s,, Core Excitations of ZrAg30 Catalysts
oxide precursor ZrAg30(NaOH) used catalyst ZrAg30(NaOH)
component BE(eV) % BE(eV) % assignment
A 366.8 19.4 366.8 10.8 Ag2+
B 368.2 72.4 367.9 78.7 Ag+
C 369.3 8.2 368.9 10.5 Ag’(nano)
T T T T T T T KD T T
Ag 3d,, Ag 3d,, i,
— )
8 £
5 >
2 2
8 s
z|° A\ g
5 :
£ <
B £
B'
(o
c A c A
sat T T T T T T T
345 350 355 360 365
T T T T T T T T T
378 375 372 369 366 363 Kinetic Energy (eV)

Binding Energy (eV)

Figure 3. Ag 3d core excitation spectra for ZrAg30 catalysts. (A)
Precursor obtained by NaOH method; (B) used catalyst obtained by
NaOH method; (C) used catalyst obtained by Na,CO3 method.

3.3. Reducibility of the Catalysts. TPR profiles of selected
oxide precursors, their components and used catalysts are
presented in Figure 6. Silver oxide Ag,O is reduced quantitatively
to metallic silver in the temperature range of 370—450 K (Tiya =
430 K). Zirconium and zinc oxide undergo a slight reduction,
beginning at temperatures of 700 and 800 K, respectively (Tpax =
740 and 920 K), which is not accompanied by any phase
transition. Thus, it can be assumed that the reduction is
connected to the formation of oxygen vacancies. Formation of
such structural defects is well documented for both oxides.*

Characteristic peaks of the components can be found in the
TPR profiles of oxide precursors. The reduction of Ag,O in the
precursors is similar to the reduction of the pure phase but is
evidently a two-stage process, which points to interactions
between Ag,O and ZrO,. The TPR maxima of ZrO, stay
unaltered or shift slightly to higher temperatures, and the
presence of silver does not influence considerably the ZrO,
reduction degree. Calculating the area under the reduction peak,
the reduction degree of ZrO, in the pure phase and in the

Figure 4. Auger spectra for the ZrAg30 catalysts. (A) Precursor
obtained by the NaOH method; (B) used catalyst obtained by the
NaOH method; (C) used catalyst obtained by the Na,CO; method.

precursors can be estimated at 0.5% in relation to the total amount
of oxygen in ZrO,. TPR measurements showed that the reduction
of ZrO, occurs at higher temperature in comparison with the
temperature of reduction and activation of the catalysts in the feed
mixture. However, the TPR experiments were performed in
dynamic conditions under a low partial pressure of hydrogen
(ca. 0.005 MPa). Long treatment of the catalysts in highly
reducing mixture (H, partial pressure ~6 MPa) led to a reduction
of ZrO, and to the formation of oxygen vacancies characteristic
for the structure of the catalysts in the stationary state. The above
conclusion is confirmed by the TPR profiles of the used catalysts
in which no maximum, characteristic for reduction of the surface
layer of ZrO,, is observed since this phase is already reduced.
However, continuous hydrogen consumption observed above
700 K may indicate the reduction of the deeper layers of ZrO,
limited by oxygen diffusion through the defected subsurface layer.
In the case of the used catalysts, oxygen vacancies previously
formed facilitate this process and make it observable.

3.4. Catalytic Activity. Methanol, water, and carbon mon-
oxide were the only products of the CO, hydrogenation under
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Figure 6. TPR profiles of the selected oxide precursors (A), used
catalysts (B), and components of the catalysts (C).

the conditions of the catalytic tests. The observation provides
evidence that hydrogenation of CO, proceeds according to two
parallel reactions.

C02 +3H, — CH3OH + Hzo

(1)

C02 +H, — CO + HzO (2)

At low conversions and low temperatures, the hydrogenation
of CO, to methanol is the primary pathway because it is faster
than the hydrogenation of CO.*® In our experiments the total
conversion of CO, was between 1 and 10% depending on the
temperature and the activity of the catalysts. The system is far
from equilibrium in such conditions, and the reaction is con-
trolled kinetically. The selectivity to methanol always decreases
with increasing temperature, which results from a higher con-
tribution of the endothermic RWGS reaction.

The activity in the CO, hydrogenation and the selectivity to
methanol for both series of silver catalysts are presented in
Figures 7 and 8. The rate of the methanol formation with
reference to catalyst mass was taken as a measure of the catalytic
activity (space time yield, STY). Such manner of presentation
makes for easier searching of the correlation between catalytic
activity and catalysts phase composition, as well as selection of
the active phase. As observed from Figure 7 and Table 1 the STY
of methanol increases proportionally to the specific surface area
of the catalysts, which gives evidence that the whole catalyst

surface participates in the catalytic reaction and there is the lack
of the diffusion limitations.

From Figures 7 and 8 it is visible that the catalysts obtained by
using NaOH as the precipitant are more active in comparison
with the catalysts obtained by using Na,COj;. Among the
catalysts from the NaOH series, the activity is connected with
the presence of zirconium oxide. The ZnO addition does not
influence significantly the methanol space time yield (STY);
therefore, the catalysts containing only ZnO and Ag exhibit low
catalytic activity. The activation energy determined from plots of
temperature versus methanol STY is the same for both series of
catalysts and is equal to 45 £ 3 kJ/mol. Thus, the observed
differences in the catalytic activity are connected to various values
of the pre-exponential factor because of different active site
concentrations and do not change in the mechanism of the
methanol formation reaction. The results for typical copper
catalyst obtained by the carbonate method and tested in the
same condition are also presented in Figures 7, 8, and 9. Ample
comparison of the copper and silver catalysts' activities is given in
ref 27.

As can be seen the methanol yield is lower for the most active
silver catalysts when compared to the standard copper catalysts.
However, the silver catalysts exhibit higher selectivity if one
compares the catalysts at low temperature (453—493 K) at
similar conversion to methanol (ZrZnCulO catalyst according
ref27). The decrease in the selectivity to methanol observed with
temperature increase is related to a higher contribution of the
RWGS reaction. The differences in the catalyst activity for both
series of silver catalysts are clearly illustrated in Figure 9, which
presents the plot of the selectivity to methanol versus the yield to
methanol. The relationships obtained for both NaOH and
Na,COj series cannot be described by one common plot but
by two independent curves.

4. DISCUSSION

The discussion of the results concerning the performance of
the silver catalysts cannot be separated from extensive knowledge
about the structure and mechanism of the copper catalysts'
operation, as these two catalytic systems act similarly. The main
controversy regarding the methanol catalysts is related to the
existence of a synergy effect between Cu and oxide components
(ZnO, ZrO,) of the catalysts The ICI>® and Campbell*® groups
claim that the synergy effect is not present in the copper catalysts,
and that the hydrogenation of CO, to methanol and the RWGS
reaction both occur on the surface of metallic copper. The
support is only responsible for a high dispersion of copper.
However, many authors provided extensive evidence®® that the
methanol formation rate expressed per one Cu site is one to two
orders higher for the Cu/ZnO and Cu/ZnO/ALO; catalysts
than for pure copper or for systems where copper is dispersed on
specially purified SiO,. The above studies clearly point to the
existence of the synergy effect in the copper catalysts.

The results presented by Yoshihara and Campbell,*® compar-
ing the activities of Cu(110), polycrystalline copper, and Cu/
ZnO in the CO, hydrogenation, are unconvincing as far as the
synergy effect is concerned. They show that metallic copper is
very active in the RWGS reaction, but the methanol formation
rate is about two orders lower in comparison with the RWGS
reaction. This stands in clear contradiction to the catalytic
performance of the Cu/ZnO or Cu/ZnO/Al,Oj catalysts, which
produce methanol with nearly 100% selectivity. It is fairly well-
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Figure 7. Catalytic activity of the silver catalysts in the methanol synthesis. (A) Obtained by the NaOH method; (B) obtained by the Na,CO3 method.
Keys: A, ZrZnAg30; O, ZnAg10; O, ZrAg30; A, ZrAgl0; ®, ZrZnAgl0; *, ZrZnAg62.5. Dashed line: M, ZrZnCu 62.5; X, ZrZnCulO (according to ref

27).

known that one of the synergy aspects is stabilization of Cu”,
which favors the CO, hydrogenation to methanol. Cu™ ions can
be stabilized on the surface of ZnO,*">*3>%¢ Zr0,,**3*** and on
the ZnO/ZrO, mixed systems as well.”**° Recently, an influence
of different polymorphic forms of ZrO, (tetragonal or mono-
clinic) on the performance of Cu/ZnO or Cu/ZnO/ALO; has
drawn more attention.*®*’

The XRD investigations presented in our paper show that
ZrO, is mainly present in a pseudomorphic form in the oxide
precursors whereas it crystallizes as monoclinic and tetragonal
phases in the used catalysts. Moreover, contents of these phases
depend on the preparation method. The use of NaOH (pH = 10)
clearly favors the formation of the tetragonal phase (t-ZrO,)
while the use of Na,COj3 (pH = 7) leads to catalysts in which the
monoclinic (m-ZrO,) phase predominates. These results are in
ag;elezr;;nent with reports of Baiker et al.”*> and Rhodes and Bell
et al.

It is believed that the stabilization of the t-ZrO, phase, which is
thermodynamically unstable at low temperatures, is connected to
formation of oxygen vacancies in the ZrO, structure or/and with
the presence of alkali additives (Ca*", K™, etc.).>¥ %" The other
factors that influence the t-ZrQO, stabilization can be the surface

274

hydroxylation (hydration) and high dispersion of ZrO,
crystallites.

The TPR results presented in this paper show that ZrO,, which
is the component of the catalysts, is slightly reduced during the
reaction, which is equivalent to the formation of oxygen vacancies.
The same effect, observed in the used catalysts, is evidenced by a
decrease of the ZrO, lattice parameters and by the fact that the
used catalysts do not undergo reduction in the TPR experiments.
The reduction degree of ZrO,, estimated on the basis of the TPR
results, is approximately 0.5% in relation to the total oxygen
content in ZrO,. Because oxygen mobility is negligible at the
catalytic reaction temperature (Tamman temperature is around
2000 K), one should expect that concentration of oxygen
vacancies in the surface layer would be considerably higher (for
example 5% for a zone, which encompasses 10 atomic layers). The
condition of electroneutrality can be fulfilled either by localization
of the electrons on zirconium ions with the formation of Zr* " ions
or by the presence of additional positive ions in interstitial or
lattice positions in the vicinity of the vacancies. It is obvious that
these two processes can occur simultaneously.

The XPS and Auger measurements suggest that a small
amount of Zr** or Zr*" bonded to oxygen vacancies (that both

dx.doi.org/10.1021/cs100033v |ACS Catal. 2011, 1, 266-278
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Figure 10. (A) Space time yield of methanol versus content of the
t-ZrO, phase at 523 and 493 K for the silver catalysts obtained by the
NaOH and Na,CO; methods. (B) Space time yield of methanol versus
content of surface Ag " per 1 g of catalyst at 523 and 493 K for the silver
catalysts obtained by the NaOH and Na,CO; methods. (C) Space time
yield of CO versus mean dimension of silver crystals at 523 and 493 K for
the silver catalysts obtained by the NaOH and Na,CO3; methods.

result in similar electronic state of zirconium) are present in the
surface layer. These zirconium species together with substantial
amount of Ag" ions can stabilize the t-ZrO, phase. The peak
positions of Ag 3d and Ag MVV and their shapes hint that Ag™
ions are in a strongly electronegative environment that is
generated either by nonionized oxygen vacancies or by Zr*"
ions. Concluding, the stabilization of the t-ZrO, phase in the
studied catalysts is connected to the presence of oxygen vacancies
and Ag" ions, which are stable in the conditions of the catalytic
reaction.

While describing the catalytic performance of silver catalysts, it
must be stressed that no correlation between the catalyst activity
in the methanol synthesis and the dispersion of metallic silver
(Ag®) was found. Moreover, both the activity and the selectivity
practically do not depend on the total silver content. This
observation reveals that the formation of methanol does not
occur on the metallic silver surface but is determined by other
factors.

The correlation between the catalytic activity (space time yield
(STY) of methanol) and the content of t-ZrO, phase in the
catalysts for both series of the catalysts (NaOH, Na,CO;) is
presented in Figure 10A. In Figure 10B the STY dependence of
methanol as a function of the Ag™ is shown. The Ag"/Zr ratio

determined by XPS measurements (Table S) was used for the
determination of Ag" concentration in the surface layer. The
product of this value and the specific surface area is the measure
of the number of surface Ag" in a unit mass of catalyst. As
observed from Figure 10 panels A and B the rate of methanol
formation increases with an increase of the t-ZrO, phase and Ag™
content These correlations can be explained assuming that
methanol is formed on Ag™ sites, which are stabilized by oxygen
vacancies in the t-ZrO, phase. Thus nonstoichiometric t-ZrO,
containing oxygen vacancies and Ag" stabilized on the surface is
the active phase. A similar relationship is observed for the copper
catalysts; it is postulated that Cu™ ions facilitate CO, adsorption
and thus the formation of the surface formate complexes that are
consecutively hydrogenated to methanol.**~*’

The rate of the parallel RWGS reaction, leading to the
formation of CO and H,O, increases with the metallic silver
dispersion (Figure 10C). This reaction occurs on the surface of
metallic silver by the surface species reaction (H, O, CO) being
the products of H, and CO, dissociation in accordance with a
simple redox mechanism, similarly as it was found for metallic
copper and the Cu/ZnO catalysts.”” ~*' On the basis of above
correlations and by analogy to the copper catalysts, for the silver
catalysts, the following catalytic network scheme can be
proposed.

Formates ——» Methanol

CO,

7

O,H,CO ——»

SURFACE GAS

CO +H,0

where rate constant k; is proportional to the Ag™ content and
therefore also to the content of the t-ZrO, phase and k, is
proportional to the dispersion degree of metallic silver.

Finally, it is worth noticing a distinct difference between the
copper and the silver catalysts. For the silver catalysts, the
presence of ZnO in the support does not have any significant
influence on the methanol formation rate. Thus, silver activation
connected to the stabilization of Ag" occurs exclusively with the
participation of the t-ZrO, phase. In the copper containing
catalysts, the stabilization of Cu™ ions can occur both on the
surface of ZrO, and on ZnO.

The results described above can be confronted with limited
literature information. Baiker et al.>* showed that the catalysts
containing Cu, Ag, or Au supported on t-ZrO, are highly active in
the CO, hydrogenation to methanol, which is in agreement with
the results presented in our paper while Jung and Bell*” and
Rhodes and Bell*® who studied Cu/ZrO, catalysts containing
pure phases of m-ZrO, or t-ZrO, obtained opposite results. The
discrepancies can be explained by different concentration of
oxygen vacancies in ZrO,. The catalysts studied in refs 28,57
were obtained by impregnation, followed by calcinations at
relatively low temperature and hydrogen treatment at low partial
pressure. The catalysts studied in this work were prepared by
coprecipitation and calcined at higher temperature. Furthermore,
the catalysts were kept at temperatures above 500 K for a long
period of time and in the reagent flow of high hydrogen partial
pressure until the stationary state was reached. Under such
conditions, oxygen vacancies and Ag" ions coupled with them
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were observed in the ZrO, sublayer. Neither preparation condi-
tions nor catalyst treatment used in refs 28 and 57 did favor
formation of such defects.
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