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Unconventional ‘chemisorption-hydrolysis’ vS ‘impregnation’ technique for
preparation of nanodispersed copper on mesoporous ceria and zirconia

T.S. Tsoncheva'*, I. G. Genova!, N. Scotti?, V. Dal Santo?, N. Ravasio?

! Institute of Organic Chemistry with Centre of Phytochemistry, Bulgarian Academy of Sciences, 1113 Sofia,
Bulgaria
2 CNR-Istituto di Scienze e Tecnologie Molecolari, Milano, Italy

Received: September 12, 2015; Revised December 7, 2015

Mesoporous nanostructured zirconia and ceria were synthesized by a template-assisted hydrothermal technique and
used as a host matrix of nanosized copper oxide species. A ‘chemisorption-hydrolysis’ strategy was applied for ZrO,
and CeO, modification with copper. The obtained materials were characterized by XRD, nitrogen physisorption, FTIR,
UV-Vis, and temperature-programmed reduction with hydrogen and compared with analogues prepared by
conventional incipient wetness impregnation method. The catalytic activity was tested in methanol decomposition.
Copper deposition on zirconia by the ‘chemisorption-hydrolysis’ approach ensures formation of highly active and
selective catalysts for methanol decomposition to carbon monoxide and hydrogen, which is provoked by a synergistic

effect between copper and zirconia components.
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INTRODUCTION

Copper-based materials are low cost and are con-
sidered effective catalysts in a number of redox pro-
cesses, such as dehydrogenation of alcohols, isomer-
ization and hydrogenation of hydrocarbons, hydro-
genation of carbonyl compounds, hydrogenolysis of
carbon-carbon and carbon-silicon bonds, etc. [1 and
refs. therein]. A strong control on dispersion and
oxidation state of the copper species is needed,
which could be achieved by copper deposition on
various porous supports with tunable surface and
texture characteristics as well as by the preparation
procedure used [2]. Recently, mesoporous silicas
revealed good prospects for a host matrix of nano-
scale metal/metal oxide particles due to their un-
equal pore structure characteristics [3, 4]. Advan-
tages of zirconia as a catalyst support originate from
its strong interaction with the active phase, a high
thermal stability, and a unique combination of acid-
ic, basic, and redox ability [5]. It has been establish-
ed that ZrO, surface properties depend strongly on
zirconia polymorphs, which could easily be control-
led by particle size [6]. Effects on the interaction
between copper and zirconia are concerned about
and a higher dispersion and catalytic activity were
reported for copper supported on a tetragonal rather
than amorphous or monoclinic ZrO, support. Alter-
natively, ceria also possesses promising properties.
Due to high oxygen storage/ transport capacity,
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ceria alone, or combined with other elements, is rec-
ognized as an efficient catalyst for various environ-
mental processes, namely NO reduction and CO
oxidation, light hydrocarbons combustion, removal
of diesel soot, water-gas shift reaction, and VOCs
oxidation. A superior catalytic activity of the
copper-ceria binary system in different reactions has
been a subject of intense investigation and contro-
versial discussion. Generally, a synergistic coupling
of the redox properties of both metal oxides is as-
sumed and it is assigned to a strong interaction be-
tween CuO and CeO,, which facilitates CuO intro-
duction into the ceria lattice to form a solid solution
and to disperse over the surface [7 and refs. therein].

Nowadays, advanced technologies, such as sol-
gel, chemical vapour synthesis, and combustion and
precipitation procedures have been developed to
produce nanopowder metal oxides, which can be
used for catalyst supports. Among them, a hydro-
thermal process is reported to be a soft chemical
route to prepare phase-pure products at a low tem-
perature and enable easy control of crystal size by
altering process conditions [8]. Much attention is
paid to the synthesis of nanostructured mesoporous
oxides of high surface area and uniform pore size
distribution using a surfactant-assisted route [9, 10
and refs therein]. It has been established that direct
synthesis for modification of mesoporous silica sup-
ports typically results in deposition of a relatively
low copper loading, while the traditional impregna-
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tion method [11] provides an undesirable agglomer-
ation of copper species. A common grafting method
causes the formation of Cu” ions [12]. A predomi-
nant formation of oligomeric Cu-O-Cu species has
been found using a molecular design method [13],
while isolated Cu®* ions dominate when an impreg-
nation method is applied [13]. In a previous study
[14] we reported that copper oxide species deposited
by a ‘chemisorption-hydrolysis’ (CH) procedure is
finely divided and interact strongly with the silica
support. It was further demonstrated that this
method, if applied to ordered mesoporous silicas,
essentially improves the catalytic activity and stabil-
ity of copper materials for methanol decomposition.

In the present study we report our attempts to ap-
ply the ‘chemisorption-hydrolysis’ strategy to depo-
sition of copper oxide nanoparticles on mesoporous
ZrO, and CeO, supports and to compare their prop-
erties with similar composites obtained by a conven-
tional incipient wetness impregnation technique.
The catalytic behaviour of the prepared materials
was tested in methanol decomposition. Recently,
fossil fuel depletion and large CO, emissions fo-
cused the attention on biomass as renewable envi-
ronmentally friendly feedstock, the latter resulting
in no net increase in atmospheric carbon dioxide.
Methanol, which can be produced from biomass, is
regarded as an attractive alternative fuel and hydro-
gen release from methanol can be obtained through
various techniques, such as simple decomposition,
steam reforming, partial oxidation, and oxidative
steam reforming [15].

EXPERIMENTAL
Materials

Mesoporous zirconia and ceria were prepared by
a hydrothermal procedure using ZrCl, or
CeCl3.7H,0 as a precursor and CTAB as a struc-
ture-directing agent as described in Ref. 14. Zirconia
and ceria samples were calcined at 573 K in air for
15 h. Samples denoted as Cu/CeO, CH and
Cu/ZrO, CH were prepared by a ‘chemisorption-
hydrolysis’ method which included: (i) impregna-
tion of the supports with an aqueous solution of a
tetramine copper complex ([Cu(NH3)]**, pH = 9) at
room temperature for 20 min; (ii) hydrolysis of the
obtained product with water at 273 K; (iii) filtration
and drying at 373 K overnight. Alternatively,
samples denoted as Cu/CeO, WI and Cu/ZrO, WI
were prepared by conventional incipient wet
impregnation with an aqueous solution of
Cu(NOs),.3H,0. The obtained CH and WI samples
were calcined in air at 623 K for 4 and 2 h, respect-
tively. Copper content in the studied materials,

determined by atomic absorption spectroscopy, is
given in table 1.

Methods of investigation

Atomic absorption analyses were performed on a
Pye Unicam SP 192 instrument. The porous struc-
ture of selected modifications was studied by nitro-
gen physisorption at 77 K, which was carried out in
an ASAP 2020 Micromeritics automatic volumetric
apparatus. The isotherms were used to calculate spe-
cific surface area, Sger, and pore volumes of the ob-
tained materials. Powder X-ray diffraction patterns
were collected within the range of 5.3 to 80° 20 on a
Bruker D8 advance diffractometer with Cu K,
radiation and a LynxEye detector. Scherrer equation
was used to evaluate average crystallite size. UV-
Vis spectra of powder samples were recorded on a
Jasco V-650 apparatus. FTIR spectra in the region
of skeletal vibrations were recorded on a Bruker
Vector 22 spectrometer at a resolution of 1-2 cm™
by accumulating 64-128 scans and using the KBr
pellet technique. TPR/TG (temperature-programmed
reduction/thermogravimetric) analyses were per-
formed on a Setaram TG92 instrument in a flow of
50 vol.% H, in Ar (100 cm®.min™) at a heating rate
of 5 grad.min™.

Methanol conversion was carried out in a fixed
bed flow reactor (0.055 g of catalyst) using argon as
a carrier gas (50 cm®.min™). Methanol partial pres-
sure was 1.57 kPa. The catalysts were tested under
conditions of a temperature-programmed regime
within the range of 350-770 K at a heating rate of 1
grad.mint. Online gas chromatographic analyses
were performed by means of an HP apparatus equip-
ped with flame ionization and thermal conductivity
detectors and a PLOT Q column using an absolute
calibration method and carbon-based material
balance.

RESULTS AND DISCUSSION

Nitrogen physisorption isotherms of ZrO, and
CeO, supports (Fig. 1, Table 1) exhibit a sharp jump
in the relative pressure region of 0.6-0.8 and above
0.8, respectively, which, according to IUPAC classi-
fication, is typical of mesoporous materials. The
specific surface area was about 5 times higher for
zirconia as compared to ceria support (Table 1).
Hysteresis loop shape reveals presence of nearly
cylindrical mesopores for ZrO, with an average pore
diameter (D,,) of 6 nm, while slit-like mesopores of
much broader pore size distribution (D,, about 26
nm) dominate with CeO,. In general, after modifica-
tion with copper a decrease in BET surface area,
total pore volume, and average pore diameter was
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observed without substantial changes of the iso-
therms. This effect was more significant with the
WI-obtained materials and could be assigned to pore
blocking due to deposition of copper phase into the
mesopores without considerable textural collapse.
However, an extremely strong decrease in BET sur-
face area and pore volume combined with a shift of
the maximum of pore size distribution to higher val-
ues was observed for Cu/ZrO, WI and for that rea-
son, structure changes of zirconia due to high tem-
perature treatment during modification are not ex-
cluded.

Table 1. Copper content, specific surface area (Sger),
total pore volume (Vy), and average pore diameter (D,,)
of studied samples.

Sample Cu SBeT Vioty Dav.,
%7?? m’g”!  cmig! nm
Zr0, - 300 0.42 6.0
Cu/zZrO, CH 9.83 200 0.31 4.5
Cu/zrOo,_WI 9.83 80 0.23 8.8
CeO, - 58 0.27 26.4
Cu/Ce0O,_CH 9.65 62 0.21 16.0
Cu/CeO,_WI 9.65 44 0.17 16.0

The XRD pattern of pure ZrO, represents a broad
hump typical of amorphous materials (Fig. 2a).
Bands at around 750, 650, and 550 cm ™ in the FTIR
spectrum of ZrO, (not shown) reveal coexistence of
monoclinic and tetragonal phases. This phase compo-
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sition of the support was preserved after modification
by the CH procedure (Fig. 2a), while the WI method
resulted in the formation of a well-crystallized
tetragonal zirconia phase with average crystallite
size of 9 nm. XRD patterns of pure and copper-
modified ceria (Fig. 2b) represent typical reflections
of a fluorite type structure with average particle size
of 12 nm. No additional reflections of a copper
containing phase could be distinguished for
Cu/Ce0Q,_CH, while small reflections at 35.6 and
38.5° 20, characteristic of CuO tenorite phase with
average crystallite size of 3-5 nm, were registered
for all other modifications of ceria and zirconia.

Fig. 3 displays UV-Vis spectra of parent and
copper-modified ZrO, and CeO,. The electronic
spectra of ceria and zirconia are very sensitive to
cation coordination environment [17]. A blue shift
observed in the UV-Vis spectrum of ceria (Fig. 3b)
and a red shift in the spectrum of zirconia (Fig. 3a)
as compared to the bulk materials (400 and 275 nm,
respectively) disclose a decrease in coordination
number of the Ce and Zr ions incorporated in highly
defective finely dispersed crystallites. Absorption in
the region of 300-500 nm and above 720 nm for all
copper modifications is associated with the presence
of oligomeric Cu-O-Cu species and well-crystal-
lized CuO particles, the highest amount of the for-
mer being in Cu/CeO,_CH in agreement with XRD
data.
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Fig. 1. Nitrogen physisorption isotherms and pore size distribution (inset) for parent and copper-modified ZrO, (a) and
CeO; (b).
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Fig. 2. XRD patterns of parent and copper-modified ZrO, (a) and CeO, (b) materials.
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Fig. 3. UV-Vis spectra of parent and copper-modified ZrO, (a) and CeO, (b) materials.

Further information about the state of the copper
species was gained by temperature-programmed re-
duction (TPR) experiments with hydrogen (Fig. 4). In
principle, this method could provide useful data on
metal ion oxidation state and environment, but usu-
ally interpretation of the results is rather compli-
cated due to superposition of various effects. TPR
profiles of pure CeO, show a slight weight loss
above 650 K which corresponds to about 80% re-
duction of Ce** to Ce* ions at the surface [18]. In
accordance with our previous study [14], the ob-
served weight loss for pure ZrO, in the completely

studied temperature range could be related to a re-
lease of surface hydroxyl groups. Two reduction ef-
fects with maxima at 430 and 516 K appeared in the
TPR profile of Cu/ZrO,_WI. According to Liu et al.
[19] they can be assigned to stepwise reduction
(Cu**—Cu**—Cu) of bulk CuO particles. However,
taking into account XRD and FTIR data (see
above), reduction of CuO particles, which are in in-
timate contact with different zirconia phases (amor-
phous, monoclinic, and tetragonal) cannot be fully
disregarded, as reported in Refs. 20 and 21. Calcula-
tions based on these two reduction effects gave a
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reduction degree of about 95%. Only one reduction
effect in the 350-430 K range with a maximum at
about 400 K was observed with Cu/ZrO, CH. It is
related to a complete Cu**—Cu® transition of more
finely divided particles as compared with
Cu/ZrO,_WI. It should be noted that weight losses
observed in the whole temperature interval exceeded
theoretical values of Cu®* total reduction to metallic
copper and the effect was much more pronounced
for Cu/zZrO, CH. We assign this phenomenon to a
release of OH groups from the ZrO, surface, which
are continually restored via spillover of hydrogen
from finely divided copper particles to the zirconia
surface [22].

TPR-TG profiles of both ceria modifications
consist of only one TPR effect. It is narrower and
centred at a lower temperature as compared to their
ZrO, analogues, and is consistent with a 90-100%
reduction degree of Cu?* to Cu®. This indicates that
CuO species on CeO, is more finely and uniformly
dispersed as compared to that on the ZrO, support.
This effect was more pronounced for Cu/CeO, CH
indicating that the CH procedure ensures formation
of a finely dispersed CuO phase.

Fig. 5a shows temperature dependencies of
methanol conversion over various materials. Selec-
tivity to CO, its formation being closely related to
the production of hydrogen from methanol, is pre-
sented in Fig. 5b. Methane, dimethyl ether (DME),
and carbon dioxide are also registered as by-prod-
ucts. Both CeO, and ZrO, supports exhibit own
catalytic activity above 650 K, which exceeds about
50% at 725 K. CO selectivity for both supports

TPR-TG, mg

Cu/CeO,_CH

Cu/CeO, WI

400 500 600 700
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is below 40% due to formation of DME, the latter
being provoked by the presence of Lewis and Bron-
sted acidic sites. Modification of both supports with
copper increased not only their catalytic activity in
methanol decomposition (Fig. 5a), but also im-
proved the selectivity to CO formation (Fig. 5b).
These effects were more pronounced if the CH pro-
cedure was used. ZrO,-supported copper modifica-
tions manifested a higher catalytic activity as com-
pared to their ceria-based analogues. Bearing in
mind XRD, UV-Vis, and TPR data, we assume a
synergistic effect between ZrO, support and deposit-
ed copper species. Formation of methoxy intermedi-
ates seems to be promoted by interaction between
methanol and hydroxyl groups from the zirconia
surface, while hydrogen transfer assists further
transformation of the latter to and from the copper
species. It seems that this mechanism is facilitated
by higher dispersion of the copper entities, which is
achieved during the ‘chemisorption-hydro-lysis’ pro-
cedure. According to TPR data, they not only pro-
mote recovery of a ‘OH group reservoir’ on the zir-
connia surface but also demonstrate a high redox ac-
tivity. The conversion curve of Cu/ZrO,_W!I shows a
complicated behaviour that can be due to agglome-
ration of reduced copper species by the influence of
reaction medium. Obviously, on increasing copper
dispersion this effect is sup-pressed to a higher ex-
tent. This could be achieved using a ‘chemisorption-
hydrolysis’ procedure or by copper deposition on
ceria, where formation of an interface layer between
Ce0, and CuO prevents copper particles from ag-
glomeration [23].
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TPR-DTG, a.u.

Cu/CeO, WI

\/r
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Fig. 4. TPR-TG (a) and TPR-DTG (b) profiles of copper modifications of ZrO, and CeO..
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Fig. 5. Temperature profiles of methanol conversion (a) and CO selectivity (b) for various materials.

CONCLUSIONS

A ‘chemisorption-hydrolysis’ method was ap-
plied to prepare nanosize copper oxide supported on
nanostructured mesoporous CeO, and ZrO,. In com-
parison with conventional incipient wetness impreg-
nation technique, this method provided deposition
of readily reducible and highly active copper species
in methanol decomposition. A higher catalytic activ-
ity achieved with zirconia-supported copper catalyst
prepared by ‘chemisorption-hydrolysis’ procedure is
assigned to a synergism between copper species and
Zr0O,.
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CuHTEe3UpaHu ca Me30MIOPECTH HAHOPa3MEPHHU LIMPKOHUEB TUOKCHUIT M LIEPUEB JHOKCH Ype3 TEMIUIEUTEH XUAPOTEP-
MajleH CHHTEe3, KOHTO ca W3II0JI3BaHM KaTO MaTpPHIA 332 HAHACSHE W CTaOWIM3MpaHe Ha HaHOPa3MEPHH MEIHOOKCHIHU
gactury. [IpriioxeH e MeTox Ha ,,XeMHCOpOIH-XUAPONIN3a‘™ 3a TIoTydaBaHe Ha MeaHN Moaudukanuu Ha ZrO, u CeOs,.
[Momy4yeHnTe MaTepHaIn ca OXapaKTePH3UPaHU C MPaxoBa PEHTIeHOBa IH(paxuus, a3oTHa ¢uzucopoums, MY u YB
CIIEKTPOCKOIIMH U TEMIIEPaTypHO NPOrpaMHUpaHa PEAyKIHs ¢ BOIOPOJ U Ca CPABHEHHU C TEXHH aHAIO3H, ITOJYYCHHU dpe3
TpaJULMOHEH METOX Ha ,,AMIperHupane. KaTaiuTnuHata akTHBHOCT Ha Taka MONyYEHHTE MAaTEPUaJIH € M3CIICIBaHa B
pasnaraHeTo Ha MeTaHol. [loka3aHo e, 4e upe3 MmpuilaraHe Ha METOZAa Ha ,,XEMHCOPOLUSI-XHAPOIN3a™ 3a OTJIaraHe Ha
MEJIHH YacTUlM BBpXy ZrO, ce moiydaBaT BUCOKO aKTHBHH M CEJIEKTHBHU KaTaJM3aTOPH 3a pa3iaraHe Ha METaHOJ JI0
BBIVIEPOJIEH OKCUJA U BOJOPOA, KOETO C€ IBbJDKM Ha CHUHEPrHyYeH e(PeKT MEeXIy MEIHUS U LUPKOHHEBOOKCHIHUS
KOMIIOHCHTH.

18



