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Abstract Thermal decomposition of palladium acetylace-
tonate adsorbed on zinc oxide (ZnQO), and the formation of
palladium oxide (PdO) and palladium zinc alloy (PdZn)
phases were studied. Two types of ZnO supports were
prepared by the microemulsion method using different
surfactants, i.e. hexadecyltrimethylammonium bromide
(CTAB) and (Bis(2-ethylhexyl) sulfosuccinate sodium salt,
AOQT). The nanoparticles of ZnO synthesized in the pres-
ence of CTAB surfactant showed higher specific surface
area, smaller crystallite size and more irregular shape.
Palladium was loaded on the surface of obtained supports
by the impregnation method from the acetone solution of
palladium acetylacetonate. Thermogravimetric studies
indicated that palladium precursor loaded on CTAB-mod-
ified ZnO support was less stable and simultaneously
decomposed in broader range of temperatures. Slight dif-
ferences between the forms of precursors adsorbed on the
supports were demonstrated by the diffuse reflectance
infrared Fourier transform spectroscopy studies. Thermal
decomposition of palladium acetylacetonate precursors in
the air led to the formation of PdO species. The influence
of ZnO morphology on the metal-oxygen bonds strength in
PdO and formation of active phases were observed.
Strongly dispersed PdZn crystallites on ZnO supports were
formed upon reduction at 350 °C. Smaller crystallites of
the size equal to 6.5 nm were detected in the Pd/ZnO-AOT
catalysts.
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Introduction

Supported palladium catalysts have been widely used for
oxidation and hydrogenation reactions of numerous
chemical compounds [1, 2]. In recent years, a lot of
attention has been paid to the development of supported
palladium alloy catalysts, such as PdZn, PdIn or PdGa,
showing their superior activity and selectivity in the
hydrogenation of carbon oxides to methanol, water gas
shift reaction, methanol steam reforming or hydrogenation
of alkenes and alkadienes [3—7]. The impregnation method
from aqueous solutions is one of simplest ways of the
preparation of catalysts and has been often used for the
synthesis of alumina-, silica- or carbon-supported palla-
dium catalysts. It is well-accepted opinion that the support
plays the crucial role in the formation of small crystallites
and thus influences the activity, selectivity and durability
of catalysts [8]. The formation of active sites in Pd/ZnO
catalysts is a complex process and includes (1) adsorption
of metal precursor on the support surface, (2) thermal
decomposition of the metal precursor to oxide form (or
directly to metallic form) and (3) reduction of oxide species
to metallic palladium. The surface or bulk PdZn alloy
phases are formed at elevated temperatures as a result of
enhanced reduction of ZnO in the presence of metallic
palladium. It has been often claimed that the size of PdO
and Pd particles, PdO stability, interactions with the sup-
port and also catalytic performance of catalysts can be
influenced by nature of palladium precursors [9-11]. Pal-
ladium nitrate Pd(NO3),, tetraamminepalladium(Il) nitrate
Pd(NH3)4(NO3),,  tetraamminepalladium(II)  chloride
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Pd(NH3),4Cl, as well as palladium chloride PdCl, belong to
the most popular precursors used for preparation of cata-
lysts, and their application in the impregnation method has
been mostly determined by the isoelectric point (IEP) of
the supports. Several papers demonstrated beneficial
properties of palladium catalysts obtained by impregnation
of the supports from nonaqueous solutions of
organometallic complexes, such as palladium acetylaceto-
nate (Pd(acac),) [12, 13]. The use of aqueous solution may
lead to the uncontrolled growth of palladium oxide species
during drying and precursor decomposition. The way of
adsorption of Pd(acac), on the oxide supports and trans-
formation of the complex to palladium crystallites are still
under debate. Palladium in the planar Pd(acac), complex is
coordinated with two bidentate acetylacetonate ligands. B-
diketonate ligands may interact with hydroxyl groups or
defect sites on the supports, leading to the formation of
hydrogen bonds or disruption of Pd-acetylacetonate ligand
bonds with ligand exchange [14, 15]. There are a few
works related to bulk and supported Pd(acac), decompo-
sition [16—18]. Such phenomena have not been well doc-
umented for Pd/ZnO systems.

The properties of metal oxide supports can be modified
by the changes of precipitation conditions, thermal treat-
ment or introduction of secondary elements. The promising
preparation method of ZnO with suitable structural and
surface properties is precipitation in reverse microemulsion
systems [19, 20]. The water-in-oil (w/0) microemulsion is
composed of continuous phase—an organic solvent and
dispersed phase—water solution containing metal salts or
precipitants, which is stabilized by surfactants accumulated
at the interphase region of micelles. The precipitation and
growth of nanoparticles are controlled to some extend by
the size or shape of micelles, related to the nature of sur-
factants, water to surfactant concentration and the presence
of co-surfactants.

The general aim of our studies was to shed more light
on the formulation of active Pd/ZnO catalysts for
hydrogen production in the steam methanol reforming. In
the present article, we have focused on the adsorption of
Pd(acac), precursor, its decomposition and formation of
PdZn alloys on two types of ZnO supports of different
morphologies obtained by the application of microemul-
sion method.

Experimental
Synthesis of the supports and catalysts
Two types of zinc oxide supports were prepared in water-

in-oil microemulsions, composed of cyclohexane (nonpo-
lar phase), 0.5 M aqueous solutions of zinc nitrate or
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ammonium carbonate as precipitating agent (polar phase),
n-butanol (co-surfactant) and cationic hexadecyltrimethy-
lammonium bromide (CTAB) or anionic dioctyl sulfos-
uccinate sodium (Bis(2-ethylhexyl) sulfosuccinate sodium
salt, AOT) surfactant, respectively. The water-to-surfactant
molar ratio was 50, and the mass ratio of co-surfactant to
surfactant was 1:1. The microemulsions containing zinc
nitrate and ammonium carbonate were mixed and stabi-
lized for 3 h at room temperature. Next, microemulsion
was destabilized with tetrahydrofuran (THF) with volume
three times greater than the volume of mixture. The
obtained materials were centrifuged, transferred to filtra-
tion and washed with chloroform, water and ethanol. After
24 h, the samples were dried at 110 °C overnight and
calcined at 400 °C for 6 h. The supports were denoted as
ZnO-CTAB and ZnO-AOT, respectively. The obtained
supports were impregnated with acetone solution of pal-
ladium acetylacetonate. After impregnation and mixing of
the dispersed system for 2h, the temperature was
increased to 55 °C to complete acetone evaporation. The
product was dried at 110 °C overnight and next calcined at
250 °C for 2 h.

Characterization

The nitrogen adsorption—desorption isotherms were
obtained using ASAP 2405 (Micromeritics Instrument
Corp.). The samples were outgassed at 200 °C. The BET
method was used to calculate the specific surface area
(Sget)- The total pore volume (V) was determined on the
basis of nitrogen amount adsorbed at relative pressure of
about p/p° = 0.98. Pore size distribution and mean pore
diameter (D,,) were estimated by the application of Barrett—
Joyner—-Halenda (BJH) method using the adsorption branch
of isotherms.

Powder X-ray diffraction (XRD) studies were carried
out in an Empyrean (PANalytical) diffractometer, using
CuK,, radiation (1 = 1.5418 A). Diffraction patterns were
used to phase identification and crystallite size calculation.
The crystallite size was calculated from the broadening of
the (101) XRD reflexion peak at 20 = 36.2 using Warren—
Scherrer equation:

0.94
(B2 — B2)'*cost

where O—diffraction angle, /—X-ray wavelength
(1.54179 A for Cu lamp), B;—full width at half maximum
(FWHM) of the reflection, B,—peak width of the standard.

The morphology of the samples was determined by the
transmission electron microscopy. The samples were
ground in an agate mortar to a fine powder. The resulting
powder was poured with 99.8 % ethanol to form a slurry.
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The sample was inserted into the ultrasonic homogenizer
for 20 s. After that, the slurry was pipetted and supported
on a 200-mesh copper grid covered with lacey Formvar and
stabilized with carbon (Ted Pella Company). The sample
was then inserted to the holder and moved to the electron
microscope. The electron microscope, Tecnai G2 20X-
TWIN (FEI Company), equipped with LaBg emitter was
used. Microscopic studies of the samples were carried out
at an accelerating voltage of the electron beam equal to
200 kV. The catalysts prior microscopic studies were
reduced at 350 °C for 1 h in hydrogen.

Thermogravimetric studies were carried out by using the
TG121 microbalance system (Cahn) under dynamic con-
ditions. The dried sample (10 mg) was heated in airflow
(70 cm® min~!) with heating rate of 5 °C min~ .

Diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS) studies were performed using Nicolet
6700 (Thermo Scientific) spectrometer equipped with LN,
cooled MCT/A detector. Samples were introduced into the
Praying Mantis High Temperature Reaction Chamber
(Harrick), which was covered by a dome with ZnSe win-
dows, and were heated in the flow of air (30 cm® min™ ")
with the heating rate of 5 °C min~'. DRIFTS spectra were
collected at different temperatures with the resolution of
4 cm™" and maximum source aperture. Interferograms of
256 scans were averaged for each spectrum. The spectra
were corrected by applying the background signal recorded
for KBr powder.

Temperature-programmed reduction (TPR) studies were
carried out in the AutoChem II 2920 (Micromeritics
Instrument Corp.). The sample (50 mg) was introduced
into the quartz U-tube microreactor and was heated in the
flow of H, (5 vol %)/Ar mixture with the ramp rate of
10 °C min~" from —30 to 600 °C.

Results and discussion

Microemulsion method was successfully used for prepa-
ration of zinc oxide supports of different structural and
surface properties. The TEM images of the samples are
presented in Fig. 1. The use of cationic surfactant (CTAB)
led to the development of irregular, elongated ZnO
nanoparticles (Fig. 1a). ZnO prepared in the presence of
AOT (ZnO-AQOT) contains more regular nanoparticles of
flat walls and well-developed straight edges (Fig. 1b). The
specific surface areas of obtained materials are equal to
22.3 and 12.8 m? g™, respectively (Table 1). Higher pore
volume and mean pore diameter are observed for ZnO-
CTAB support (Table 1). X-ray diffraction patterns of the
samples are presented in Fig. 2. The XRD peaks well
correspond to hexagonal ZnO phase (ICCD PDF4+
04-009-7657). Mean crystallite size of ZnO-CTAB and

Fig. 1 Transmission electron microscopy images of the supports:
a ZnO-CTAB, b ZnO-AOT

ZnO-AQOT is equal to 254 and 30.7 nm, respectively
(Table 1). Small differences of the intensities of XRD
peaks of nonpolar and polar planes could be observed. The
ratio of intensities I jp0y002) 1S equal to 1.25 for ZnO-
CTAB and 1.35 for ZnO-AOQOT, respectively. The lower
ratio I(100y/002) means the higher proportion of surface sites
located on nonpolar planes, which were formed along the
c-axis [0001] direction during ZnO crystal growth [21].

The supports were impregnated with acetone solution
of palladium acetylacetonate. The results of thermo-
gravimetric studies of decomposition of precursors in air
after initial drying are presented in Fig. 3. The mass loss
of Pd-loaded ZnO-CTAB sample becomes noticeable at
about 130 °C. The maximum of DTG peak is located at
the temperature of 180 °C. The observed changes are
connected with decomposition of adsorbed Pd(acac),
complexes and simultaneous oxidation of organic species.
Bulk palladium acetylacetonate, according to the literature
data, can be decomposed during heating in an inert gas or
oxidizing atmosphere in the range 150-250 °C prior
volatilization [16]. The course of thermal decomposition
of supported Pd(acac), is sensitive to the gas phase
composition. Studies presented in Ref. [22] indicated that
decomposition of Pd(acac), adsorbed on SiO, in oxidative
atmosphere led to oxidation of organic ligand and for-
mation of PdO particles. The decomposition of adsorbed
precursor at 250 °C in inert atmosphere resulted in the
formation of carbonaceous residues, which covered the
surface of palladium crystallites. An increase in the
thermal treatment of the samples to 500 °C facilitated
reduction of palladium by carbon or hydrogen and trans-
formation of carbonic material to the ‘carbide-like’ pha-
ses. Authors in Ref. [22] suggested that some residual
could be very stable and hardly removed during reduction
in hydrogen at 500 °C. Similar high stability of car-
bonaceous species remained on the surface of palladium
nanoparticles was observed for organic palladium(Il)
complexes containing pyrazole ligands decomposed in
inert gas [23, 24].
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Table 1 Specific surface area (Sggr), total pore volume (V,,), mean pore diameter (Dp) and mean crystallite size (dxrp) of ZnO and PdZn

Fig. 3 Thermogravimetric and derivative thermogravimetric curves

Sample Pd contents/ Sppp/m? f{1 V,,/cm3 g*1 Dy/nm dxrp/nm
mass%
ZnO PdZn
ZnO-CTAB - 22.3 0.148 26.6 25.4 -
ZnO-AOT - 12.8 0.039 16.6 30.7 -
Pd/ZnO-CTAB 5.79 15.2 0.118 22.3 24.3 7.3
Pd/ZnO-AOT 491 15.2 0.072 23.3 27.3 6.5
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Fig. 2 X-ray diffraction patterns of the supports

The irregular shape of DTG curve, presented in Fig. 3,
reflects different thermal stability of precursors, resulted
from the interactions of ligands with the support. The
decomposition of precursor adsorbed on ZnO-AOT starts
at slightly higher temperatures, at around 150 °C and
proceeds initially almost in the same manner. The
decomposition—oxidation peak in DTG curve for ZnO-
AOT is much stronger. Its higher intensity is probably
connected with palladium-catalysed oxidation of the tra-
ces of surface intermediates remained on the support after
calcination. The maximum is located at 185 °C. Slight
mass changes, observed in both samples at higher
temperatures, in the range of 200-260 °C, can be
ascribed to the decomposition—oxidation of surface zinc
acetylacetonates.

Figure 4 shows DRIFTS spectra of bulk Pd(acac),, ZnO
supports before adsorption of the palladium salt, and the
spectra of Pd-loaded ZnO supports recorded at different
temperatures during thermal treatment in air. Low intensity
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recorded during thermal treatment of the supports loaded with
palladium precursor in the flow of air

of hydroxyl groups vibrations in high-wave number region
(38003300 cm™') and broad peaks in the range of
3500-2200 cm ™', which were observed for pure Pd(acac),,
indicate the presence of enolate form of acetylacetone
ligands [25]. Chelate O-bonded form is also evidenced in
the fingerprint region [26-27]. Strong IR vibrations
observed in the range of 16001500 cm ™" can be attributed
to the conjugated CO vibrations in a complex ring. The
stretching vibrations of two interacting carbonyl groups in
the keto form are usually situated above 1700 cm™'. Wide
peak in the range of 1490-1325 cm™' can be attributed to
the asymmetrical and symmetrical deformation vibrations
of CH; groups [25]. The bands at 1358 and 1272 cm™ ' are
ascribed to the C—C stretching and C—C=C stretching in
chelate ring vibrations. The in-plane C—H bending, CHj3
rocking and C—CHj3 stretching vibrations are located at
1199, 1023 and 937 cm™ ', respectively.

Strong vibration bands of hydroxyl groups (in the range
of 3800-3300 cm ') and carbonate-like species (located in
the range of 1690-1400 cm™') are visible on the spectra of
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Fig. 4 Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) spectra of palladium acetylacetonate, the samples prior
palladium precursor adsorption and recorded at different temperatures
during thermal treatment in air: a Pd/ZnO-CTAB, b Pd/ZnO-AOT

obtained ZnO supports. A slightly higher intensity of
hydroxyl group vibrations in the range of 3800-3600 cm ™"
can be found for Pd/ZnO-CTAB sample, indicating higher
basicity of the solid surface. The decrease in the intensity
of hydroxyl groups vibrations and shifts of the bands
position towards lower wavenumbers is observed on the
spectra of ZnO supports with Pd(acac), complex. This
effect may indicate interaction of acetylacetonate ligands

with hydroxyl groups. New bands are observed on the spectra
of ZnO-CTAB sample after deposition of palladium acety-
lacetonate in the fingerprint region. The band at 1560 cm ™"
and the shoulder at 1540 cm™" are visible. Moreover, addi-
tional band appears at 1520 cm™'. C-H bending, CH;
rocking, C—C stretching and C—C=C stretching were also
visible. Two distinct peaks within this region are observed for
Pd/ZnO-AOT, almost at the same positions as for bulk
Pd(acac),. The disappearance of bands is observed with an
increase in treatment temperature. Wide bands in the range of
1600-1400 cm™" on the spectra of the samples heated at high
temperatures in the flow of air suggest the presence of surface
zinc carbonate phase. The negative charge in the enolate
anions of PB-diketones is delocalized over OCO atoms
forming the chelate ring with palladium. Hence, the quasi-n-
electron system of the acetylacetonates in planar complexes
can directly interact with surface hydroxyl groups, leading to
the formation of hydrogen bonds. Acetylacetonate com-
plexes may also exhibit stronger specific interaction with the
support through the coordinately unsaturated axial ligands of
the metal ion [26]. These interactions may differ depending
on the type of crystallographic planes of the supports and
influence the thermal stability. We have observed that band
positions of hydroxyl groups were located at higher wave
numbers in ZnO-CTAB in comparison with ZnO-AOT. This
can indicate different strengths of hydrogen bonds between
acetylacetonate ligands and the support. Acetylacetonate
ligands during adsorption and initial stages of decomposition
may interact with the support forming zinc acetylacetonates;
however, it is difficult to unambiguously state by DRIFTS the
presence of such process.

The temperature-programmed reduction curves of the
catalysts after calcination are presented in Fig. 5. The TPR
studies proved that thermal treatment of Pd(acac), loaded
on ZnO in the air led to the formation of palladium oxide.
The samples show different reducibility. The reduction of
PdO crystallites located on ZnO-CTAB support starts at
very low temperature (—50 °C) and proceeds through mild
maximum at 24 °C. The increase in signal intensity is
connected with consumption of hydrogen in the reaction
with PdO to Pd° and H,O [22]. Hydrogen at low temper-
atures is simultaneously dissolved in metallic palladium.
The negative peak at 50 °C confirms B-PdH, decomposi-
tion and desorption of H, [22]. The reduction of PdO on
ZnO-AOT begins at higher temperatures and goes through
very rapid reduction maximum located at 42 °C. The
negative peak was not observed for Pd/ZnO-AOT sample.
Different routes of TPR curves point out on changes of
palladium—oxygen interactions. These differences could be
ascribed to the size or shape of crystallites, as well as to the
interactions of PdO with the support.

The reduction curves show a broad peak at higher
temperatures, attributed to the reduction of ZnO. This
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Fig. 5 Temperature-programmed reduction curves

process is facilitated by metallic palladium, which simul-
taneously participates in the formation of PdZn alloys
[3-5, 28-30]. It is interesting that reduction of ZnO and
thus formation of PdZn start at lower temperature in Pd/
ZnO-AOT sample. The maximum is observed at around
320 °C. The maximum of high-temperature reduction peak
for PdAO/ZnO-CTAB is located at 350 °C. The differences
can be related to the size of palladium crystallites and thus
phase boundary, as well as the nature of ZnO crystallo-
graphic planes [30].

TEM images of catalysts are presented in Fig. 6. One can
find slight changes of the morphology of the supports.
Palladium deposition on the surface of ZnO-CTAB and
reduction of catalysts in hydrogen at 350 °C led to the
decrease in the specific surface area of materials from 22.3
to 152 m? g~'. The catalysts also show lower total pore
volume and mean pore diameter (Table 1). Simultaneously,

Fig. 6 Transmission electron microscopy images of the catalysts:
a Pd/ZnO-CTAB, b Pd/ZnO-AOT
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Fig. 7 X-ray diffraction patterns of Pd/ZnO catalysts after reduction

the mean crystallite size of ZnO is decreased from 25.4 to
244 nm. In the case of the ZnO-AOT support, the depo-
sition of similar amounts of Pd and reduction in hydrogen
resulted in the slight increase in Sggr and increase in the
total pore volume. ZnO nanoparticles, presented in Fig. 6b,
seem to be less regular than in the ZnO-AOT support
(Fig. 1b). The mean crystallite size of ZnO is decreased
from 30.7 to 27.3 nm. X-ray diffraction studies of the cat-
alysts after reduction are presented in Fig. 7. The ratio of
T00y002) crystallographic planes in ZnO of hexagonal
structure, in spite of the surface and porosity changes, is
nearly the same as for pure supports and equals 1.24 for Pd/
ZnO-CTAB and 1.34 for Pd/ZnO-AOT, respectively. X-ray
diffraction studies reveal that reduction of catalysts at
350 °C leads to the formation of the small PdZn alloy
crystallites (PDF4+4 01-080-3086) (Fig. 7). Mean size of
crystallites located on the ZnO-CTAB supports is slightly
larger (7.3 nm) than in the Pd/ZnO-AQT catalyst (6.5 nm).
TEM images evidenced very narrow crystallite size distri-
bution. This is especially visible for Pd/ZnO-AOT catalyst.
Nearly all species are located on the external surface of
ZnO grains and could be easily accessible for substrates in
the catalytic reactions.

Conclusions
Two types of zinc oxide supports were prepared by the

microemulsion method using cationic and anionic surfac-
tants: hexadecyltrimethylammonium bromide (CTAB) and
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(Bis(2-ethylhexyl) sulfosuccinate sodium salt, AOT),
respectively. The obtained materials showed different
structural and surface properties. The catalysts of
5 mass% of Pd were prepared by impregnation method
using palladium acetylacetonate in acetone solution. The
support influenced the way of adsorption of acetylaceto-
nate precursor, thermal decomposition, reduction of PdO
species and formation of alloy phases. Palladium precur-
sor loaded on the CTAB-modified ZnO support was less
stable and simultaneously decomposed in a more broad
range of temperatures. Reduction of PdO phases in such
catalysts started at the lower temperature, the maximum
of reduction occurred at the lower temperature and
intermediate B-PdH, was observed. PdZn alloy was
developed in the range of 250—400 °C. The alloy was
formed more difficult in Pd/ZnO-CTAB catalysts, and this
effect was mainly related to the larger size of palladium
crystallites. Strongly dispersed PdZn crystallites on both
types of supports were obtained. Smaller crystallites of the
mean size equal to 6.5 nm were developed on the surface
of ZnO nanoparticles prepared in the presence of AOT
surfactant.
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