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ABSTRACT

Nanostructured mesoporous ZrO, was obtained by hydrothermal synthesis using surfactant assisted
approach. Copper modifications of thus obtained ZrO, (4-25wt.% copper) were prepared by incipi-
ent wetness impregnation with the corresponding nitrate or acetyl acetonate precursors and further
treatment in oxidative or reduction atmosphere. The obtained materials were characterized by N,
physisorption, XRD, UV-vis, FTIR, XPS and temperature programmed reduction with hydrogen and tested
as catalysts in methanol decomposition to hydrogen and CO. Selected samples were investigated after
partial coverage of the surface with ''C-labeled methanol and ' C-labeled methyl formate. The forma-
tion of monolayer of finely dispersed copper oxide species on zirconia at about 4 wt.% copper loading and
bulk copper nanoparticles at higher one is observed. It was assumed that zirconia support provides the
formation of two types of catalytic sites: the first ones strongly adsorb methanol and exhibit predomi-
nantly dehydrogenation activity, while the others, possess acidic function. The modification of zirconia
with copper significantly improves the catalytic activity and selectivity in methanol decomposition via
(i) creation of additional surface acidic sites which contribute to generation of methoxy intermediates;
(ii) stabilization of Cu?*-Cu* and Cu*-Cu® redox pairs where the electron transfer is facilitated by zirco-
nia support and (iii) assisting the recombination and release of hydrogen during the transformation of
produced on zirconia surface intermediates.

1. Introduction

the active phase, high thermal stability, and unique combination
of acidic, basic, and redox ability [20]. Broensted acidic and basic

The properties of zirconia, namely, high strength and hardness,
good elastic modulus, corrosion resistance, biocompatibility, and
high melting temperature make the material interesting for appli-
cations as advanced ceramics in bio-sensors, piezoelectric devices,
oxygen sensors, abrasives, as well as catalysts, catalyst support or
promoters [1-9 and refs. therein]. Meanwhile, zirconia doped with
copper oxides receive great attention as anode materials for solid
oxide fuel cells [10] and catalysts for methanol synthesis [11-13],
carbon monoxide oxidation [14], NO reduction with hydrocarbons
or CO [15], water-gas-shift reaction [16,17], methanol reforming
[18],C0O and CO; hydrogenation [19]. The advantages of using zirco-
nia as a catalyst support originates from its strong interaction with

hydroxyl groups and co-ordinatively unsaturated Lewis acid-base
Zr** -02%- pairs [19 and refs. therein]| were simultaneously detected
on zirconia surface. The surface properties of zirconia strongly
depend on zirconia polymorphs. Hertl [21] suggested that tetrago-
nal zirconia possessed high basicity, while monoclinic zirconia had
relatively high Lewis and Broensted acidity. It was established [19]
that during the catalysts preparation, surface properties of zir-
conia polymorphs impacted the interaction between copper and
zirconia leading to higher dispersion of copper on tetragonal ZrO,
support. The authors [19] observed also higher catalytic activity
in methanol synthesis for copper modified tetragonal ZrO, than
the amorphous and monoclinic modifications. ZrO, polymorphs
could be tuned with addition of certain divalent or trivalent cations
or by decreasing the crystallite size below a critical value [22,23].
Nowadays, advanced technologies, such as sol-gel, chemical vapor
synthesis, combustion and precipitation procedures have been
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developed to produce nanopowder zirconia [24-26]. Among them,
hydrothermal process is reported to be a soft chemical route to
prepare phase pure products at low temperature and easy control
of crystal size by altering the process conditions [ 7 and refs therein].
Recently, much attention was paid to the synthesis of nanostruc-
tured mesoporous oxides with high surface area and uniform pore
size distribution using a surfactant-assisted route [27,28 and refs
therein].

Hydrogen production is one of the most important technolo-
gies for the chemical industry, power generation and fuel cell
application [29]. Instead of handling H, under high-pressure or
cryogenic conditions, hydrogen can be produced on board by cat-
alytic steam reforming of natural gas and oil-derived naphtha, and
partial oxidation of heavy oils. Nevertheless, these technologies
are developed enough into market value, the depletion of fossil
fuels and the large quantity of CO, emissions focused recently the
attention on biomass as renewable, environmentally friendly feed-
stock with no contribution to a net increase in atmospheric carbon
dioxide [30]. Methanol, which can be produced from biomass, is
regarded as an attractive alternative fuel, also for portable power
systems, due to the low temperature of hydrogenrelease and higher
specific energy than either lithium batteries or stored hydrogen
[31-33]. Hydrogen can be obtained from methanol through var-
ious techniques such as simple decomposition, steam-reforming,
partial oxidation and oxidative steam reforming [34-36]. Num-
ber of recent studies assumed that copper and zirconia behaved
in a bi-functional manner during the methanol decomposition or
methanol synthesis, with Cu serving as a site for the dissociation or
removal of hydrogen molecules, and zirconia as an adsorption site
for carbon containing intermediates [17,37-39 and refs therein].
However, in spite of such bi-functional roles of copper and ZrO,,
the influence of the intrinsic nature of each component on the
beneficial synergy between them is not yet well understood. The
aim of current paper is to highlight the effect of composition and
preparation procedure of nanosized copper-zirconia composites
on their catalytic behavior in methanol decomposition. The elu-
cidation of mechanism of the reaction and the role of different
catalytic sitesis also in the scope of the study using original catalytic
1 C-radiolabeling approach. Nanodispersed mesoporous ZrO, was
obtained by surfactant-assisted procedure and used as a catalyst
support. The copper loading was varied in a wide range by incipi-
ent wetness impregnation of ZrO, with aqueous solutions of copper
nitrate. Alternatively, selected samples were obtained by molecu-
lar design dispersion method (MDD) by anchoring of copper acetyl
acetonate to the zirconia surface hydroxyl groups [40,41]. In order
to study the specific role of copper and zirconia as well as the syn-
ergy between them thus obtained materials were compared with
some copper modifications of ordered mesoporous SBA-15 silica.
A complex of conventional physicochemical techniques, such as
N, physisorption, XRD, UV-vis, FTIR, XPS and TPR was applied for
catalysts characterization.

2. Experimental
2.1. Materials

The synthesis of the nanostructured zirconia was achieved
by template-assisted approach according to the procedure
reported in [42]. In principle, 6.0g N-hexadecyl-N,N,N-
trimethylammoniumbromide (CTAB) were dissolved in 50ml
distilled water. To this solution was added slowly and under
vigorous stirring a solution of ZrCly (3.40g) in 25ml distilled
water. Then, the temperature was raised to 323 K and the reaction
mixture was stirred for 30 min before adding drop-wise 20 ml
NH4OH (12.5%). The resulting mixture was stirred overnight at

323 K. Then it was transferred into a polypropylene container
and heated at 373K for 24h. The so-prepared particles were
then filtrated, washed with distilled water, then dried at room
temperature and extraction of the organic template in absolute
ethanol (100 ml per 1g carrier) was conducted at 343K for 24h
under reflux conditions. Then, the sample was filtrated and dried at
room temperature before calcination in air with a ramp of 1 K/min
and dwelling time of 6h at 473, 573 and 673 K. The mesoporous
SBA-15 silica was prepared according to the procedure described
in [43] using Pluronic 123 as a structure directing agent. The
template was released by calcination for 6 h at 773 K. The zirconia
modifications with nominal copper content of 4, 8, 12 and 25 wt.%,
were prepared by wet impregnation of ZrO, support with aqueous
solution of copper nitrate. After drying, the samples were calcined
in air at 673K for 2h and denoted as nCu/ZrO,(N,0) where n
was the nominal copper loading in wt.%. Selected samples were
additionally reduced in hydrogen at 523K for 2 h and denoted as
nCu/ZrO,(N,r). The reference SBA-15 silica based materials, treated
in air, nCu/SBA-15(N,0), or in air and hydrogen, nCu/SBA-15(N,r),
were prepared following the same procedure. The copper content
of the samples, determined by Atomic Absorption Spectroscopy
was presented in Table 1. Alternatively, the samples denoted as
4Cu/Zr0O,(A,0) and 8Cu/Zr0O,(A,0) were prepared by impregnation
of ZrO, with toluene solution of copper acetyl acetonate. After
the decomposition of acetyl acetonate precursor in air at 673K
(1K/min) for 2 h, materials containing 4.3 and 7.8 wt.% Cu were
obtained.

2.2. Methods of investigation

Copper content in the samples was determined by Atomic
Absorption Spectroscopy on an Atomic Absorption Spectrome-
ter 3100 - Perkin-Elmer; flame: acetylene/air. Specific surface
area and pore size distribution were measured through nitrogen
adsorption-desorption isotherms at 77 K using a Quantachrome
NOVA 1200 apparatus. Sggr was calculated applying the Brunauer,
Emmet and Teller (BET) equation for N; relative pressure in range
of 0.05 < P[Py <0.30. Pore size distribution was determined by DFT
method from the desorption branch of the isotherm. Powder X-ray
diffraction patterns were on a Bruker D8 Advance diffractometer
with Cu K, radiation and using a LynxEye detector. The average
crystallite size was evaluated according to Scherrer equation. The
UV-vis spectra were recorded on a Jasco V-650 UV-vis spectropho-
tometer equipped with a diffuse reflectance unit. FTIR spectra in
the region of skeletal vibrations were recorded on a Bruker Vec-
tor 22 spectrometer at a resolution of 1-2cm~!, accumulating
64-128 scans and KBr pellets technique. The pyridine desorption
spectra were carried out with a BioRad FTS-60 spectrophotome-
ter equipped with mid-IR MCT detector. The experiments were
performed on sample disk (15-20 mg) after a pre-treatment (dehy-
dration under vacuum at 383K for 1 h or reduction at 523 K under
H, for 2h). One spectrum was collected before probe molecule
adsorption as a blank experiment, then pyridine (Py) vapors were
adsorbed on the disk at room temperature and following desorp-
tion steps (30 min, vacuum, every 50K) were performed from
RT to 523 K. The spectra were collected after each desorption
step after cooling the sample. The X-ray photoelectron spec-
troscopy (XPS) analyses were performed with a VG Microtech
ESCA 3000 Multilab, equipped with a dual Mg/Al anode. The
spectra were excited by the unmonochromatised Al Ka source
(1253.6eV) run at 14kV and 15mA. The analyzer operated in
the constant analyzer energy (CAE) mode. Survey spectra were
measured at 50eV pass energy. For the individual peak energy
regions, a pass energy of 20eV set across the hemispheres was
used. The sample powders were mounted on a double-sided adhe-
sive tape. The pressure in the analysis chamber was in the range



Table 1

Samples composition and nitrogen physisorption data (specific surface area — Sger, total pore volume - Vi, and average pore diameter — D) for various modifications. For

comparison, data for the SBA-15 modifications are also presented.

Sample Support Cu, wt.% Sger, M2 /g Viot, cm3[g D, nm

Zr0O, Zr0, - 127 0.33 8.2
(m-70%; t-30%)

4Cu/Zr0,(N,0) 710, 4.0 118 0.32 8.2
(m-80%; t-20%)

8Cu/Zr0,(N,0) ZrO, 7.3 113 0.29 8.2
(m-82%; t-18%)

12Cu/ZrO,(N,0) ZrO, 109 106 0.25 8.1
(m-84%; t-16%)

25Cu/Zr0,(N,0) 710, 21.3 87 021 85
(m-81%; t-19%)

SBA-15 SBA-15 845 1.21 6.4

4Cu/SBA-15(N,0) SBA-15 4.4 555 0.83 6.4

8CuO/SBA-15(N,0) SBA-15 9.0 573 0.88 6.0

" m - monoclinic ZrO,; t - tetragonal ZrO,.

of 10~8 Torr during data collection. The constant charging of the
samples was corrected by referencing all the energies to the C
1s peak energy set at 285.1 eV, arising from adventitious carbon.
Analyses of the peaks were performed with the software pro-
vided by VG. Atomic concentrations were calculated from peak
intensity using the sensitivity factors included in the software.
The binding energy values are quoted with a precision of £0.15eV
and the atomic percentage with a precision of +10%. The TPR/TG
(temperature-programmed reduction/thermo-gravimetric) analy-
ses were performed on a Setaram TG92 instrument in a flow of
50vol% Hy in Ar (100 cm3 min—1) and heating rate of 5K min~!. The
hydrogen consumption TPR profiles were recorded with a modified
Micromeritics Pulse Chemisorb 2700 apparatus equipped with a
thermo conductivity detector. Before the measurements, the sam-
ples were calcined at 773 K under O, (40 ml/min) and then reduced
with a mixture of 8% H, in Ar (15 ml/min) with a heating rate of
8 K/min.

2.3. Catalytic tests

2.3.1. Methanol decomposition in a flow type system

Methanol conversion was carried out in a flow reactor (0.055g
of catalyst), argon being used as a carrier gas (50 cm3 min~1!). The
methanol partial pressure was 1.57 kPa. The catalysts were tested
under conditions of a temperature-programmed regime within the
range of 350-770 K with heating rate of 1 Kmin~'. Before the cat-
alytic test calcined samples were treated under Ar flow at 373 K for
1h. Selected samples were subjected under the in-situ reduction
in a flow of Hy and Ar (1:1) at 523K for 2h. On-line gas chro-
matographic analyses were performed on HP apparatus equipped
with flame ionization and thermo-conductivity detectors, on a
PLOT Q column, using an absolute calibration method and a car-
bon based material balance. The product selectivity was calculated
as Yi/X x 100, where Yi was the yield of the i product (calculated
as detected amount of i product/initial amount of methanol, before
the introduction in the catalytic reactor) and X was the methanol
conversion at selected temperature. Specific activity (SA) was cal-
culated as X/m; where X and m; were the conversion at 650K and
copper content in the sample (wt.%), respectively.

2.3.2. ""C-methanol and ' C-methyl formate conversion
1TC-methanol radiolabeling experiments were done in a closed
static reactor and the analyses were performed on HP 6890 GC
equipped with a PLOT Q column, flame ionization detector (FID)
and radioisotope detector BIOSCAN Flow-Count (RD). The reduc-
tion of the samples was performed in-situ in a flow of H, and
Ar (1:1) at 523K for 2h. The catalytic experiments were car-
ried out after preliminary coverage of the catalyst surface with

12C- and/or 'C-methanol or ''CH3;0CHO (MF) according to the
following adsorption procedures:

(A) "'CH30H adsorption at 333K, heating to 373K and flushing
with He;

(B) 12CH3OH adsorption, followed by flushing with He and adsorp-
tion of 11C-methanol, all this at 333 K;

(C) " CH30CHO adsorption similarly to procedure A.

After the pre-adsorption procedures, the catalytic experiments
were carried out under the conditions of step-wise temperature
increase.

3. Results and discussion
3.1. Structural characterization

In Fig. 1 are presented nitrogen physisorption isotherms and
pore size distribution (inset) for ZrO, support and selected copper
modifications. The corresponding structural parameters are listed
in Table 1. The isotherms are of IV type with a smooth step due to
capillary condensation in the 0.6-1.0 relative pressure region and
close to H1 hysteresis loop. According to IUPAC classification these
features are typical of mesoporous materials with almost cylindri-
cal pores (average pore diameter of 8 nm) [27]. The isotherms do
not change in their shape after the modification which is evidence
for the preservation of zirconia mesoporous structure even during
the decomposition of copper precursor. A well defined tendency of
specific surface area and pore size distribution decrease with cop-
per loading increase is observed, which could be due to partial pore
blocking. This effect is smallest for the sample with 4 wt.% Cu load-
ing probably due to the predominant deposition of monolayer of
finely dispersed copper species on the support. For comparison,
SBA-15 silica possesses much higher BET surface area and pore
volume, developed by uniform cylindrical mesopores with average
pore diameter about 6 nm (Table 1). After the silica modification,
the observed significant decrease in the pore volume and specific
surface area clearly indicates pore blocking even at low (4 wt.%)
copper loading, probably due to the predominant deposition of
copper phase into the pores.

XRD patterns of all copper modifications are presented in
Fig. 2. XRD pattern of ZrO, support represents reflections at
28.2° and 31.6° 26, which are typical of monoclinic phase (space
group P21/c) and the characteristic diffraction line at 30.6°,
corresponding to tetragonal ZrO, (space group P42/nmc) with
average crystalline size (calculated by Scherer equation) about 8
and 5 nm, respectively. The simultaneous presence of monoclinic
and metastable tetragonal phase under ambient conditions was
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Fig. 1. Nitrogen physisorption isotherms and pore size distribution (inset) for ZrO,
and various copper zirconia modifications.

previously described by Garvie [44] and Chraska et al. [45] as a
result of particle size effect. For the small particles with a critical
size about 9-30 nm the stability of tetragonal phase at room tem-
perature was typically explained by the lower surface energy of
tetragonal as compared to the monoclinic ZrO, phase. Li et al. [46]
and Fabris etal. [47] proposed stabilization of metastable tetragonal
and cubic phase by the formation of oxygen vacancies.

After the modification, a decrease in the portion of zirconia
tetragonal phase is observed (Fig. 2, Table 1) and this could be

m- monoclinic ZrO, a
t-tetragonal ZrO,

x Cu

4Cu/ZrO,(A,0)
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Intensity, a.u.
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m

0 CuO
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related to a decrease in the number of oxygen vacancies in the zir-
conia lattice probably due to the capture of copper species on them
[32,48 and refs therein]. No reflections of any copper containing
phase are registered for both 4 wt.% copper modifications obtained
from different copper precursors, while slight and not well resolved
reflections at 35.2° and 38.5° 26 of tenorite CuO phase are detected
for both 8 wt.% modifications. After the reduction, the appearance
of very slight reflection at 43° 26 for these samples indicates pres-
ence of finely dispersed metallic copper particles. The reflections
in the patterns of oxidized samples (Fig. 2) become more intensive
with further copper loading increase corresponding to well crystal-
lized CuO particles with average crystalline size of about 16-21 nm.
The observed XRD and nitrogen physisorption results (see above)
well correlate with the literature data [9,47,49] for the limit in the
amount of copper that can be loaded on ZrO, before the appearance
of crystalline CuO (about 4-5% per each 100 m2/g of ZrO, support).
Besides, no reflections are observed for 4Cu/SBA-15(N,o0). However,
contrary to 8Cu/ZrO,(N,0), well crystallized CuO with average crys-
talline size of about 40 nm is detected for 8Cu/SBA-15(N,0). Taking
into account the higher BET surface area and pore volume for SBA-
15 in comparison with mesoporous ZrO, (Table 1), the decisive role
of copper/support interaction over the effect of textural character-
istics of the support could be assumed.

3.2. Spectroscopic data

UV-vis spectroscopy is a powerful method to obtain informa-
tion for the coordination and different oxidation state of metal ions
by measuring d-d and f-d transitions and oxygen-metal ion charge
transfer bands. According to [50-53] the observed main absorption
band at 228 nm and the broad shoulder above 275 nm in the spec-
trum of pure ZrO, support (Fig. 3) could be assigned to inter-band
and low-coordinated surface Zr** < 02~ transitions, respectively,
in monoclinic and tetragonal ZrO,. This is in a good correlation with
the XRD data, where a mixture of both phases was observed (Fig. 2).
The spectra of all zirconia copper modifications represent intensive
absorption features in 300-500 nm region and above 720 nm which
could be assigned to CT and d-d- transitions in oligomeric Cu-O-Cu
species and well crystallized CuO particles, respectively [54,55]. For
comparison, the silica analogues exhibit intensive absorption fea-
tures at about 250 nm and above 740 nm, typical of Cu?* « 0%~ CT
and d-d transitions in crystalline CuO. The observed differences in
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Fig. 2. XRD patterns of pure ZrO; and various copper modifications of ZrO, and SBA-15 silica obtained by nitrate (N) or acetyl acetonate (A) precursors. For comparison, XRD
patterns after reduction (r) and catalytic test (cat) for 8Cu/ZrO, (N,0) are also presented in (b).
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Fig. 3. UV-vis spectra of copper modifications of ZrO,. For comparison, the spectra
of selected copper modified SBA-15 are also presented (dash lines).

the UV-vis spectra of silica and ZrO, based modifications could be
due to the presence of more finely dispersed copper species on zir-
conia support, which is also in agreement with the XRD data (see
above).

The FTIR spectrum of pure ZrO, (Supporting information, Fig.
S1) consists of broad bands at approximately 420, 504, 590 and
750 cm~! which is due to Zr-0 stretching vibrations in ZrOx poly-
hedron with typical values of x=4 or 6 for monoclinic phase [56].
The similarities in the FTIR spectra of pure and modified ZrO, is
not surprising, since in general, all polymorphs are very similar in
vibration structure [56]. However the observed minor variations in
the band frequencies and intensities after the modification could be
carefully assigned to small differences in Zr** distribution in ZrOy
sites and oxygen vacancies. In accordance with the XRD data, these
observations for the modified samples could be due to lowering
symmetry of the structure as a result of tetragonal to monoclinic
ZrO, phase transitions. The Cu-0 stretching modes, which gener-
ally appear at 515, 480 and 450 cm~!, could not be clearly resolved
due to their superposition with the modes of ZrO, support [57].

Cu 2p3p, and Cu 2pq ), XP core level spectra of selected zirconia
modifications are shown in Fig. 4 and the corresponding XP param-
eters are summarized in Table 2. As shown in Fig. 4 the main Cu
2p spin orbit components, Cu 2p3j, and Cu2p;,, are accompanied
with shake up peaks located at about 9 eV higher binding energy
(BE) with respect to the main peaks. The presence of such satellites
is typical of Cu?* species [58]. From the curve fitting, the binding
energies of the two Cu 2p;, components reported in Table 2 are
obtained. The position of the first peak is at 932.7-933.1 eV, while
the second one is typically situated at 935.2-935.4 eV BE. The low
energy peak could be related to CuO although, the observed Cu
2p3p; BEs for all samples were lower (Table 2) than the reported
one for pure CuO (933.5eV) [58,59]. The high energy peak can
be assigned to Cu(OH),, also characterized by shake up satellites
[59]. The experimental ratio between the overall intensity of the
satellite peak (Isy¢) with respect to the overall intensity of the
main peak (I) is between 0.10 and 0.38 (Table 2), which is below
the one reported for bulk CuO [58,59]. Similar decrease in the
Isat/Im ratio has been previously observed for copper modified ZnO,

Cu2p3/2

6112p1/2

shake up
4, 25Cu/ZrO,(N,0)

lintensity (a.u.)

Binding Energy (eV)

Fig. 4. Cu 2p photoelectron spectra of selected samples.

particularly for materials with low Cu/Zn ratio [60], and it was
attributed to the dissolution of Cu?* species in ZnO. Alternatively,
Moretti et al. [61] assigned this phenomenon to the existence of
a strong interaction between CuO and ZnO, leading to a more
covalent Cu-O bond. Here, the observed Is ¢/, ratio, along with
the lower Cu 2ps3, BEs, indicates that CuO and ZrO; are not sim-
ply physically mixed in the CuO/ZrO, catalysts but an interaction
between them exists. This assumption is also supported by the
observed lower values of Zr 3ds;, BE for all copper modifications
(Table 2) as compared to the BE reported for the prepared by
different techniques mesoporous ZrO, (183.1eV) [62]. Note, the
absence of any significant effect of samples composition on the
Zr 3ds), BE with copper loading increase above 8 wt.%. However,
for the samples 8Cu/ZrO,(A,0) and 8Cu/ZrO,(N,0) smaller Cu/Zr
ratios are observed, which clearly indicates surface copper deple-
tion (Table 2). Quite interesting, with the decrease of the copper
loading a decrease of the shake up peak with respect to the pri-
mary photoelectron peak is observed (Isa¢/I;m) particularly in the
sample from the acetyl acetonate precursor. Such decrease is in
accordance with the presence of Cu or Cu,0. Indeed, with respect
to their Cu 2p3, binding energies which are slightly lower than the
Cu?* ones, about 932.6 eV for CuO and 932.4 eV for Cu,0 [63], the
absence of the shake up satellites is generally better indication of
their presence. Moreover the peaks related to Cu and Cu,0 can-
not be resolved by deconvolution because their BEs are very close
(differ only by 0.1 eV) [63]. Therefore the Cu L3 M4 5M4 5 Auger spec-

tra and the calculated modified Auger parameter (&) were used to
determine the chemical state of copper in these samples (Table 2).
The samples with relatively low copper loading, 8Cu/ZrO,(N,0) and
8Cu/ZrO;(A,0), possess lower values of both Cu L3 M4 5M4 5 kinetic

energy (KE) and « than the samples with relatively high copper
loading, 12Cu/Zr0O,(N,0) and 25Cu/ZrO,(N,0). The difference in the
above sets of values clearly points to the formation of Cu, O facili-
tated at low copper loading, to a higher extent when copper acetyl
acetonate precursor is used, while increase in CuO portion is found
with copper loading increase.

So, the obtained XPS and XRD data urge the authors to assume
that at low copper loading (below 8 wt.%) formation of copper
oxide monolayer on mesoporous ZrO, occurs, while well crystal-
lized CuO phase forms over this monolayer with the copper loading
increase. The close contact between CuO and ZrO, nanoparticles
results in intensive electron transfer between zirconia support and
copper particles which facilitates stabilization of Cu* species in the



Table 2

XPS binding energies of the sample element main peaks and kinetic energy of the Auger CULMM. The modified Auger parameter has been calculated as the Cu2ps; binding

energy minus the Auger kinetic energy plus the X-ray photon energy (Al K, = 1486.6 eV).

Sample Cu 2p3p; (eV) Isat/Im Cu L3My5My5 o (eV) Zr3dsp, (eV) Cu/Zr Ols
(eV)

Zr0, 183.1 530.6(92)
532.8(08)
8Cu/Zr0,(N,0) 9329 0.24 915.4 1848.3 182.5 0.14 530.2(87)
935.4 532.3(13)
8Cu/Zr0,(A,0) 932.7 0.11 915.3 1848.0 182.6 0.09 530.2(87)
9353 532.2(13)
12Cu/ZrOy(N,0) 933.0 033 917.7 1850.7 1824 0.27 530.1(93)
935.2 532.7(07)
25Cu/ZrO2(N,0) 933.1 0.38 918.0 1851.1 182.5 0.36 530.2(90)
9354 532.4(10)

interface monolayer. This effect is more pronounced when copper
acetyl acetonate was used, and probably originates with differ-
ent mode of interaction of the precursor with surface functionality
[40,41]. Easier reduction of loaded copper species by the products
of acetyl acetonate decomposition is suggested, and we’ll return to
this point during the TPR study.

3.3. Temperature programmed reduction

More information for the state of copper species was obtained by
temperature programmed reduction (TPR) with hydrogen (Fig. 5,
Table 3). Principally, this method could be very informative for
the oxidative state and environment of metal ions, but usually the
interpretation of the obtained results is rather complicated due
to the superposition of various effects, originating from variations
in particle size and interaction of metal ions with the support.
Besides, Soczyski et al. [64], studying the reduction kinetics of
CuO in Cu0/Zn0O/ZrO, systems, found that the reduction of CuO
is a consecutive autocatalytic reaction. This autocatalytic effect is
due to facilitated dissociation of H, on the metallic copper formed
[64], which additionally renders difficult the interpretation of TPR
results. The facilitated role of ZrO, support on the reduction of
loaded copper oxide particles is well established phenomenon,
but there are some controversial explanations of the observed TPR
effects. Liu et al. [65] reported two overlapping TPR features dur-
ing the reduction of CuO supported on tetragonal ZrO, which was
explained with step wise reduction (Cu%* — Cu* — Cu®) of highly
dispersed CuO particles. Zhou et al. [66] also reported presence of
two reduction peaks at relatively low temperature, one centered
around 450K (o peak) and second one, around 468K (3 peak),
both of them attributed to the reduction of highly dispersed copper
species [65]. The appearance of third peak (y peak) for the samples
with higher copper content has been assigned to the reduction of
bulk CuO particles [65]. The latter peak could be broader and shifted
toward higher temperatures when Cu content increased [67]. Con-
trary, Aguila et al. [68] reported strong interaction in low loaded
Cu0O/ZrO, materials which results in reduction effect above 573 K.
Ma et al. [19] observed significant differences during the reduction
of CuO particles on amorphous, monoclinic and tetragonal ZrO,
and they assigned this phenomenon to different surface proper-
ties of zirconia supports. They proposed that the intimate contact
between CuO and ZrO, results in activation of H, molecule on
oxygen vacancies on ZrO, surface, which facilitates the reduction
process. Zhao et al. [69] explained different TPR profiles for copper
modified monoclinic and tetragonal zirconia as a result of differ-
ent degree of coordination of lattice 02~ jons in monoclinic (3-
and 4- coordinated) and tetragonal (4-coordinated) ZrO, lattice,
which provides different interaction between Cu?* and 02. In our
study, the comparison of TPR profiles for analogues copper mod-
ifications, supported on ZrO, and SBA-15 (Fig. 5, Table 3) confirm
existence of copper-support interaction in the former materials.

As compared to the silica samples, the reduction of ZrO, modi-
fications starts at about 50-100K lower temperature. Moreover,
the reduction profiles are complex and consist of several overlap-
ping effects. The low-temperature o and 3 effects appear for all
nitrate Cu/ZrO, modifications. The preservation of the relative part
of these effects with copper loading increase indicates that they
probably originate from the reduction of CuO particles in interface
monolayer, which interacts with monoclinic and tetragonal ZrO,
phase, even though we can not fully exclude a step-wise reduc-
tion of finely dispersed CuO particles in this layer. Note that the
TPR profiles for copper modifications obtained by acetyl acetonate
precursor consist of only one narrow low-temperature effect. This
confirms different mode of interaction of acetyl acetonate precur-
sor with surface functionality, according to [40,41] which provides
the formation of more uniform Cu-species. Taking into account
XPS results, this observation can be also assigned to the predomi-
nant reduction of Cu* ions. A high temperature effect (vy) situated
at about 500K also appears for the samples with higher copper
loading. The comparison with the silica analogues clearly indicates
that it is due to the reduction of bulk CuO phase (Fig. 5, Table 3).
We would like also to stress on the much higher weight loss for
all zirconia modifications than the expected theoretic one for the
reduction of loaded CuO. In order to clear this effect, the hydro-
gen consumption during the TPR experiments was measured for
selected samples (Supporting information, Fig. S2). The absence of
any hydrogen consumption peak (not shown) in TPR profile of pure
zirconia indicates that the observed weight loss in the TPR-TG pro-
files (Fig. 5, Table 3)is only related to the release of surface hydroxyl
groups. At the same time, the appearance of several sharp peaks
between 323 K and 573 K and a broad peak from 573 K to 1073 K is
registered for the copper modification (4Cu/ZrO,(N,0). Quantitative
analysis for the low temperature (6.6 mol of Hy) and high tem-
perature (5.8 wmol of Hy) effects evidences reduction of the loaded
copper phase and H;O0 evolution, respectively. We assign the latter
feature to the release of surface OH-groups, which are continually
restored via spillover of hydrogen from copper to zirconia, as was
described in [70]. Moreover, the low-temperature weight loss cor-
responds to about 75% reduction of Cu?* to metallic copper, which
clearly confirms the data from XPS analyses for the formation of
Cu* on zirconia support. For comparison, the reduction degree for
all silica supported materials is below the theoretical one (Table 3),
which indicates presence of isolated ions or finely dispersed species
in strong interaction with the surface silanol groups.

3.4. Methanol decomposition catalytic test

In Fig. 6 are presented data for methanol conversion on cop-
per modified ZrO, materials at 500-770K under temperature
programmed regime. The selectivity to CO, which pursues the
main reaction pathway for hydrogen production from methanol,
is shown as most representative. Pure ZrO, exhibits relatively low



TG, a.u.

12Cu/ZrO,(N,0)

25Cu/ZrO,(N,0)

400 500 600 700 800

Temperature, K

DTG, a.u.

b Zro,
~ 5
4Cu/ZrO,(A,0)

4Cu/ZrO,(N,0)
_— S

8CU/ZrO,(A,0)

8Cu/ZrO,(N,0)

8CU/SBA-15 (N,0)

12Cu/ZrO,(N,0)

25Cu/ZrO,(N,0)

~/

300 400 500 600 700 800

Temperature, K

Fig. 5. TPR-TG (left) and TPR-DTG (right) profiles of pure ZrO, and its copper modifications. For comparison, selected TPR profiles of SBA-15 silica based modifications are

also shown.

Table 3

Conversion, %

100+

80+

(o]
o
1

40

20+

500 550 600 650 700 750
Temperature, K

CO Selectivity, %

100~
b
80
60 -
40 <é —A— ZI‘O2
—0—4Cu/ZrO,(N,0)
® _o-scuzoNo)
—@— 12Cu/ZrO,(N,0)
20 —B—25Cu/ZrO(N,0) A
-4 4Cu/ZrO,(A,0)
<+ 8Cu/ZrO,(A,0)
0 T A.

500 550 600 650 700 750
Temperature, K

Fig. 6. Methanol conversion (a) and CO selectivity (b) vs. temperature for all copper zirconia materials.

Initial reduction temperature (T ini), temperature of reduction maximum (T max), experimental (at 350-750K region) and theoretic weight loss (CuO — Cu) during TPR with
hydrogen of copper modifications.

Sample Tini, K Timax, K Theoretic Experimental
weight loss, mg weight loss, mg
ZrO, 2.6 0.42
4Cu/Zr0Oz(N,0) 372 411,465 0.40 0.83
4Cu/Zr0,(A,0) 362 394 0.40 0.77
8Cu/Zr0,(N,0) 357 417,450 0.80 1.70
8Cu/Zr0,(A,0) 372 412 0.80 1.64
12Cu/Zr0,(N,0) 353 400,460,520 1.21 1.92
25Cu/Zr0Oy(N,0) 345 376,420,480 2.52 271
4Cu/SBA-15(N,0) 411 452 0.40 0.28
8Cu/SBA-15(N,0) 421 456 0.80 0.72
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Scheme 1. Possible pathways of methanol conversion on zirconia catalysts.

ability for methanol decomposition to CO and H, even above 600 K.
Here, maximum conversion of 60% and about 20% selectivity to
CO are observed at 770K. The main by-product (up to 90%) from
the conversion is dimethyl ether (DME), which is related to the
acidic function of the support. The acidic nature of ZrO, was clearly
confirmed also by the spectrum of adsorbed pyridine (Suppor-
ting information, Fig. S3), that shows two main adsorption peaks
at 1445 and 1607 cm~!, which are resistant to the outgassing up
to 523K [71,72]. Small amount of CO, (up to 12%) and methane
(up to 10%) are also registered during the methanol decomposi-
tion on pure ZrO, support. The modification of ZrO, with copper
strongly increases the catalytic activity which is evident from the
about 100 Klow temperature shift of the conversion curves (Fig. 6a).

Further, a significant increase in CO selectivity to the expense of
DME decrease is observed (Fig. 6b). Acommon feature for all mate-
rials is the complex course of the conversion curves (Fig. 6a), all of
them with a maximum at about 640K and a tendency of conver-
sion increase above 690-700 K. Note, that this catalytic behavior
is observed even for 4Cu/ZrO,(N,0) and it was not affected signifi-
cantly from the further copper loading increase. A possible reason
for the observed effect could be the agglomeration of copper par-
ticles during the catalytic test, but this was not confirmed by the
XRD study of the used in the catalytic test catalysts (selected pat-
tern is presented in Fig. 2). No significant changes with the zirconia
support after the catalytic test were registered as well. On the
base of XRD, nitrogen physisorption and TPR data (see above),
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we could assume that the catalytic behavior of Cu/ZrO, modifica-
tions originates predominantly from the copper-zirconium oxides
interface layer and it is slightly influenced by the presence of bulk
CuO species. Size-dependent effect of supported on ZnO and CeO-,
copper oxide nanoparticles during the oxidative steam reforming
of methanol was reported also in [35,73]. In order to prove this
assumption, the catalytic activity of 4Cu/ZrO,(N,0) with its silica
based analogue were compared (Fig. 7, Supporting information, Fig.
S4). We would like to remind (see above) that for this sample the
formation of monolayer of CuO over zirconia support was predom-
inantly assumed. The complex course of conversion curves, which
is detected for zirconia modification, is not typical for the SBA-15
based catalysts (Supporting information, Fig. S4). The presented
histograms (Fig. 7) clearly show that ZrO, facilitates the catalytic
activity of loaded CuO, but contrary to the silica modification, the
preliminary reduction of Cu/ZrO, decreases the conversion. Some
authors [48] considered the decisive role of oxygen vacancies on
Zr0, surface which contribute to the formation of active sites via
capture of copper species. In this way, zirconia could improve not
only the dispersion of copper oxide particles, but also the elec-
tron exchange in the catalytically active Cu2*-Cu* or Cu*-Cu® pairs.
This could provide facile splitting of O-H bond in the adsorbed
methanol molecule with the formation of surface methoxy species
which further transform to other carbon-containing intermediates,
according to Scheme 1. The reduction medium, which also exists
during the methanol decomposition, could easily decrease the
number of these redox pairs at relatively low temperature (see XRD
data) with the formation of new type of metallic copper catalytic
sites. As a result, changes in the mechanism of methanol decom-
position at higher reaction temperature are expected. Taking into
account that the methanol adsorption ability over metallic copper
is very low [ 74], the contribution of these copper particles could be
mainly in the hydrogen release [75], while the formation of various
intermediate species predominantly occurs on the zirconia surface
(Scheme 1). Thus, the observed complex changes in the conversion
curves (Fig. 6a) could be due to different mode of synergistic activ-
ity in copper-zirconia bi-component system and this is controlled
by the reduction changes with copper species under the reaction
medium. Similar effect of changes in the reaction pathways with

the reduction of copper phase by the reaction medium during the
oxidative steam reforming of methanol on Cu/ZnO was discussed
in [35,36]. Obviously, the synergistic effect depends on the state of
copper species and their environment and this is confirmed with
the observed lower catalytic activity for acetyl acetonate obtained
materials, where according to XPS and TPR data, formation of uni-
form copper, but predominantly Cu* species is observed (Fig. 6a).

3.5. Catalytic experiments with 1! C-labeled methanol and
1 C_methyl formate

In order to obtain more information for the primary products of
methanol conversion on copper modified zirconia and the role of
different catalytic sites during the reaction, catalytic experiments
with low and selective coverage of the surface with radio labeled
11CH;0H are performed. Two different procedures for adsorption
of methanol before the catalytic experiments were applied. The
procedure (A) includes 11CH3;OH adsorption at 333K, followed by
heating up to 373K and flushing of the released methanol with
He. Under these conditions, very low coverage of the surface with
predominant occupation of the strongest adsorption sites with
TICH;0H is expected. Alternatively, the sample was also stud-
ied after procedure (B), where before the adsorption of ''CH;OH
at 333K, the surface was partially covered with '2CH3OH at the
same temperature. In this way, the "TCH30H molecules situate
predominantly only on the weakest adsorption sites, while the
stronger one are occupied by 2CH3;OH. For the pure ZrO, sup-
port (Fig. 8a, b) no products of methanol conversion are registered
at 473K, while propene was detected as a primary product at
523 K (Fig. 8a, curve 1). Taking into account that the formation of
olefins from methanol is typical for strong Broensted acidic sites
[76,77], the observed results evidence their presence on the ZrO,
support. Some authors also discuss the existence of strong Broen-
sted sites (mainly in monoclinic ZrO,), which could be formed
by the influence of oxygen vacancies in the vicinity of Zr-OH
groups [13]. According to the proposed in [78] “carbon pool mech-
anism”, the formation of propene occurs from surface methoxy
groups on zirconia (Scheme 1, routes 1, 2). DME appears with the
temperature increase up to 573 K, which is an indication for the
activity of additional weaker acidic sites (Broensted and/or Lewis).
Besides, CO, is also detected (Fig. 8a, curve 2) under these con-
ditions. This could be provoked by a consecutive transformation
of surface methoxy groups [75] to methylenbisoxy ones [79] and
then to formate species according to (Scheme 1, routes 5-8) [80].
Alternatively, CO, can be produced via decomposition of surface
carbonate and bi-carbonate groups (Scheme 1, routes 11 and 12
respectively) [19], or via decomposition of surface methyl formate
species [75] (Scheme 1, route 14). Further temperature increase
results in almost complete conversion of methanol to a mixture of
CO and CO, (Fig. 8a, curve 3). The appearance of CO among the
products could be due to the decomposition of formate species
with the recovery of surface OH groups (Scheme 1, route 9) or
due to decomposition of methylformate (Scheme 1, route 16) [80].
Some differences in methanol conversion occur after the procedure
B, where the stronger sites are blocked by 12CH30H and only the
weakest ones are engaged with 11CH;O0H (Fig. 8b). Here again, the
acidic function of ZrO, is well manifested, but very low degree of
methanol decomposition to CO and CO, even at 623 K is observed.
Obviously the weaker sites contribute to the formation of surface
methoxy groups, which further transform predominantly to DME
and hydrocarbons (Scheme 1, routes 1, 2) and convert in much less
extent to formate intermediates.

Copper modification provides formation of DME at significantly
lower temperature as compared to ZrO, support when it is covered
with ''C-methanol following the procedure (A) (Fig. 8d, curve 1).
This could be related to the formation of additional acidic sites
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and this is clearly confirmed by the broadening of the two bands
corresponding to the Lewis sites in the spectra of adsorbed pyri-
dine of dehydrated 4 wt.% CuO/ZrO, in comparison with pure ZrO,
(Supporting information, Fig. S3). According to [81,82] this can
be ascribed to the presence of coordinative unsaturated copper
sites in small metal oxide nanoparticles. Moreover, the heating
leads to an increase and a shift of the band at 1487 cm~! (Sup-
porting information, Fig. S3) that is usually assigned to pyridine
lying on both Lewis and Bronsted sites. The formation of a broad
band around 1540 cm~! and of a shoulder (at around 1620cm~1)
of the band at 1612cm~! confirm the formation of Brénsted sites
[71,72]. These assumptions are also confirmed by the spectra of
reduced 4Cu/ZrO,(N,r) material (Supporting information, Fig. S3)
where similar features, but with lower intensity are observed
due to higher dehydroxylation under the reduction conditions
[81-83]. The observed higher ability to CO, formation for Cu/ZrO,
as compared to the pure ZrO, support indicates the increase in
the redox function probably due to the increased dispersion of
copper particles and synergistic effect with ZrO, support, as was
discussed in the previous section. Note that after the procedure B
the acidic function is fully suppressed and CO, is the only registered

product above 473K (Fig. 8e, curves 2, 3). Under these conditions
the catalytic behavior of both ZrO, and silica copper modifications
is very similar, but lower catalytic activity for the latter is observed
(Fig. 8e, dash line). This confirms again that copper and zirconia
behave in a synergistic manner, which results in higher dehydro-
genation ability even on weakly adsorbing sites. It seems that in
this case CO; is produced mainly from the decomposition of for-
mate intermediates on highly dispersed copper species (Scheme 1,
routes 3, 6). This confirms our assumption that the mechanism of
methanol decomposition on Cu/ZrO, depends on the experimental
conditions. Predominant participation of Cu2*-Cu* or Cu*-Cu® pairs
is expected under milder conditions (lower temperatures) with the
activity of weakly adsorbed sites or in bi-functional manner at more
steady conditions with the participation of strongly adsorbed sites.
Besides, nowadays the participation of methyl formate as inter-
mediate in methanol decomposition is a matter of controversial
discussion [84]. Some researchers who detected methyl formate
proposed that it was formed by dimmerization of formaldehyde
molecules according to Tischenko mechanism (Scheme 1, route
14) [85], while Takahashi et al. [86] and Lin et al. [87] proposed
that methyl formate was formed by the reaction between methoxy



and formaldehyde involving hemiacetal-like species (Scheme 1,
route 15). In our study we didn’t find MF among the primary
products of methanol decomposition. Fisher and Bell [75] also do
not observed MF in the gas products during the conversion of
methanol on Cu/ZrO; and related this phenomenon to its stabi-
lization on the surface. In order to obtain more information, we
investigated the decomposition of ' CH3OCHO (procedure C, Fig. 8c
and f). The formation of labeled methanol, propene and DME at
relatively low temperatures on pure ZrO, support (Fig. 8c) evi-
dences that MF decomposes with the formation of ' CH;OH, which
further transforms on surface acidic sites according to Scheme 1,
route 2. The observed higher selectivity to CO in comparison with
the experiments starting with 11C-methanol (Fig. 8a) urged the
authors to assume that MF is not mandatory intermediate during
the methanol conversion on ZrO,. This assumption is valid also for
the Cu/ZrO, sample, where much higher activity and selectivity to
11C0, is observed when ''CH30CHO is used as a reactant (Fig. 8f) as
compared to the experiments starting from ! C-methanol (Fig. 8d).

4. Conclusion

At lower copper loading (about 4 wt.%) formation of CuO mono-
layer on mesoporous ZrO, occurs, while well crystallized CuO
phase forms over this monolayer with copper loading increase.
The results from various physicochemical techniques and catalytic
tests with selective coverage of catalysts with 11C-methanol or
1 C-methylformate indicate that the synergistic effect in copper-
zirconia interface monolayer realizes via (i) facilitate electron
exchange in the copper ion pairs by improved dispersion and sta-
bilization of Cu* ions on zirconia support, (ii) creation of additional
acidic sites, which contribute to the formation of surface methoxy
groups or (iii) in bi-functional manner, where ZrO, behaves as a
reservoir of surface intermediates, which convert with spillover
of hydrogen to metallic copper. It was established that MF is not
mandatory intermediate during the methanol conversion on ZrO,
and Cu/ZrO,.
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