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Chemical vapor deposition-prepared
sub-nanometer Zr clusters on Pd surfaces:
promotion of methane dry reformingf
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An inverse Pd-Zr model catalyst was prepared by chemical vapor deposition (CVD) using zirconium-
t-butoxide (ZTB) as an organometallic precursor. Pd-Zr interaction was then investigated with focus on
the correlation of reforming performance with the oxidation state of Zr. As test reactions, dry reforming
of methane (DRM) and methanol steam reforming (MSR) were chosen. Depending on treatments, either
ZrO,H, or ZrO, overlayers or Zr as sub-nanometer clusters could be obtained. Following the adsorption
of ZTB on Pd(111), a partially hydroxylated Zr**-containing layer was formed, which can be reduced to
metallic Zr by thermal annealing in ultrahigh vacuum, leading to redox-active Zr° sub-nanometer clusters.
Complementary density functional theoretical (DFT) calculations showed that a single layer of ZrO, on
Pd(111) can be more easily reduced toward the metallic state than a double- and triple layer. Also, the
initial and resulting layer compositions greatly depend on gas environment. The lower the water back-
ground partial pressure, the faster and more complete the reduction of Zr** species to Zr° on Pd takes
place. Under methanol steam reforming conditions, water activation by hydroxylation of Zr occurs. In
excess of methanol, strong coking is induced by the Pd/ZrO,H, interface. In contrast, dry reforming of
methane is effectively promoted if these initially metallic Zr species are present in the pre-catalyst, leading
to a Pd/ZrO,H, phase boundary by oxidative activation under reaction conditions. These reaction-induced
active sites for DRM are stable with respect to carbon blocking or coking. In essence, Zr doping of Pd
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1. Introduction

ZrO, is commonly regarded as a highly stable, “irreducible”
refractory oxide. Nevertheless, it is currently under investigation
to expand its applicability as a catalyst for selective aldehyde
oxidation." Regarding CO hydrogenation, the roles of different
zirconia polymorphs in the synthesis of higher alcohols were
studied both over pure and Pd- or Li-modified ZrO,.” It has also
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opens specific CO, activation channels, which are absent on pure metallic Pd.

been shown to promote catalysts for methanol reforming
processes.’ In this context, it has been successfully applied as
a stabilizing support to prevent CuO, nanoparticles from sintering,
and therefore enhances the stability of methanol steam reforming
catalysts.” Zr*" ions have also been reported to play an important
role as dopants in an Au/CeO, catalyst for CO oxidation® and in
sol-gel-synthesized photocatalysts.® Interest in the chemical
properties of ZrO, polymorphs also arises from its application
as YSZ (yttrium-stabilized zirconium oxide), the standard elec-
trolyte for solid oxide fuel cells, due to its electric insulation
properties and permeability for 0>~ ions.”

Atomic layer deposition (ALD), or in its general form
chemical vapor deposition (CVD), has been already successfully
applied for ZrO,. There are many precursor/oxidative agent
pairs known to generate ZrO, layers,® with the main application
as protection/coating layers. Applications beyond catalysis can
also be found in microelectronics, where-prepared ZrO, was
used on Si0, as an additional insulation layer.’ The synthesis of
metallic Zr via the ALD/CVD pathway from metal-organic
precursors to form, by sophisticated activation, nanoparticles
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for catalysis, has - to our knowledge - not been documented
sufficiently. Due to the very high formation enthalpy of ZrO,,
special preparation techniques for metallic Zr have been
developed,'® with the aim to control problems of partial oxida-
tion induced by the strong “getter” effect of Zr°. Therefore, CVD
from zirconium-tert-butoxide (ZTB) was chosen in the present
study as an easily applicable, reliable and effective way to
prepare ZrOH, overlayers on Pd. The as-prepared CVD layers
are not metallic, but contain partially oxidized and partially
hydroxylated Zr*" species, which nevertheless, can be easily
reduced on Pd to Zr° by means of an UHV-based post-
treatment. Increased interest in Zr®-based pre-catalysts also
arises from the fact, that oxidative segregation of initially
bimetallic surfaces under reaction conditions was recently
shown to yield active and selective inverse model catalysts."*
Such bimetallic pre-catalysts therefore represent a promising
approach to obtain strongly enhanced activities (with respect to
surface area) as compared to the related supported powder
catalytic systems. The enhancement of surface-specific rates
can be assigned to the extremely high number of metal-oxide
phase boundary sites induced by localized oxidative segrega-
tion starting from an atomically dispersed alloy or intermetallic
initial state. One of these examples is the initially bimetallic
Cu-Zn system. Starting from a dilute Zn-in-Cu alloy, finely
dispersed zinc-(hydr)oxide islands are formed in situ, leading
to a maximum of Cu/ZnO,H,, phase boundary sites.'” Thus, an
extremely active and selective “inverse” MSR catalyst is obtained.
The same effect was shown for Cu-Zr, where metallic Zr was
sputter-prepared on a Cu substrate and was oxidized/hydroxylated
under MSR conditions, yielding phase boundary sites with equally
improved CO,-selectivity and activity.""

Two distinct test reactions, methanol steam reforming and
dry reforming of methane were chosen to investigate a potential
co-catalytic and/or promotional function of surface-near
Zr’-dopants on Pd. Although MSR is an efficient way to generate
CO-depleted H,, catalyst stability issues and the required
minimized CO content of the reformate gas make it still an
intensely investigated reaction.* Cu-based catalysts are known
to be excellent to obtain high CO,-selectivity and high reaction
rates,’” but also Pd-based intermetallic systems are promising
due to the methanol-activating function of Pd."® As a test
reaction, MSR is useful to substantiate and quantify the low-
temperature water activation activity of the investigated catalyst
systems, because of the fact that CO, can only be formed via the
reaction of activated methanol to formaldehyde, which further
reacts with weakly bound -OH species from activated water
toward CO,.

Dry reforming of methane (DRM) is a relevant reaction for
the one-step conversion of two climate-relevant greenhouse
gases, CO, and CHy, to useful syngas. It is performed at higher
temperatures (~ 970 K) than MSR and does not so much rely on
initial water- but rather on CO,-activation. It is usually initiated
by methane decomposition toward different carbon species. If
the latter are sufficiently reactive, they can be further converted
via the subsequent Boudouard reaction to CO, or else, they
remain deposited as unreactive coke. However, also the inverse

This journal is © the Owner Societies 2016

View Article Online

PCCP

water-gas-shift reactivity of the catalyst may play a role," either
as an additional intermediate process to generate water, which
may be important for efficient gasification of carbon deposits,
or as an unwanted side reaction reducing the H, yield. Transi-
tion metals such as Co, Ni, Ru, Rh, Ir and Pt on alumina and
silica supports'>'® have been reported as efficient DRM cata-
lysts. Ceria as a support for Ni and Co was also applied,"* but
also mixed ceria and zirconia supports.'” Clean Pd is known
for its pronounced methane- but simultaneously quite poor
CO,-activation ability. Therefore, DRM was chosen as a reference
reaction to investigate the promotion of CO, activation on
a Zr-doped inverse Pd model catalyst, in order to highlight
the role of the eventual initial Zr’ nanoclusters for enhanced
CO, activation.

The main goal of this inverse model catalyst study is therefore
to highlight the co-catalytic/promotional role of redox-active Zr
surface species on Pd beyond the simple function of zirconia as a
structurally stabilizing catalyst support. As will be shown in the
following, Zr° clusters of 2-6 atoms adsorbed on Pd can be
oxidized, reduced or hydroxylated reversibly at comparably low
temperatures around 723 K. Beyond the redox properties, electronic
structure nano-effects of small particles and surface islands have
also been described for other elements, ie. gold on TiO,,"*'>'®"
which may alter the catalytic properties substantially. Zr, in its
nanostructured highly redox-active surface-adsorbed state, is
therefore investigated to be part of a potential redox active cycle
and to open new reaction pathways on chemically and electro-
nically altered Pd.

2. Experimental and
computational methods

Depending on the experimental requirements, the research was
performed using three experimental setups: An Omicron Surface
Analysis Cluster (Birck Nanotechnology Center at Purdue University),
an UHV-chamber with attached high-pressure recirculating batch
reactor, and the Innovative Station for i situ Spectroscopy (Beamline
ISISS at BESSY II synchrotron in Berlin).

2.1. Omicron setup

The Omicron Surface Analysis Cluster consists of a UHV pre-
paration chamber and an analysis chamber with base pressures
of 1 x 107 mbar and 5 x 10~ "' mbar, respectively. Samples
can be transferred between these chambers under UHV. The
preparation chamber is equipped with a mass spectrometer, an
Ar' sputtering gun, a gas manifold system, and resistive sample
heating. The analysis chamber is equipped with X-ray Photoelec-
tron Spectroscopy (XPS) (electron energy analyzer - Omicron EAC
125 and analyzer controller - Omicron EAC 2000), Low Energy
Electron Diffraction (LEED) (Omicron), High Resolution Electron
Energy Loss Spectroscopy (HREELS) (ELS5000, LK Technologies),
Scanning Tunneling Microscopy (STM) (Omicron ambient tem-
perature UHV STM/AFM), and resistive sample heating. XPS data
are acquired using a non-monochromatic Mg Ko X-ray source
(hv =1253.6 eV) at 150 W. High resolution spectra are recorded
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at the constant pass energy of 20 eV. Photoelectrons are ejected
at a 45° angle with respect to the surface normal.

The Pd(111) single crystal (orientation accuracy <0.1°, Princeton
Scientific) is cleaned by several cycles of Ar'-sputtering (1 kV,
2 pA sample ground current) and annealing to 900-1000 K until
no contaminations could be detected by XPS, STM and LEED.
Well-ordered monoatomic steps are seen in STM. Due to the
potential impact of radiation of the X-ray source on the sample
topography/chemistry, STM studies are always done before XPS
characterization. Sample heating is performed in the analysis
chamber.

Zirconium(v) tert-butoxide Zr(O-t-C4H,), (Strem, purity: 99%)
is used as ALD/CVD precursor and filled into an cylinder under
Ar. Prior to dosing ZTB, several cycles of freeze-pump-thaw are
performed for purification (cooling temperature: 223 K, freezing
point ZTB: 269 K). ZTB has a sufficient vapor pressure at room
temperature to dose it directly through a leak-valve. Before
sample exposure, the preparation chamber is exposed to the
precursor at 5 x 10”7 mbar for 5 minutes to passivate the
chamber walls against precursor decomposition. The exposure
is calculated from uncorrected ion gauge measurements in
Langmuir, (1 L =1 x 10~° Torr s) involving exposure pressures
in the range of 5 x 107% to 5 x 10~ ° mbar. The adsorbate
coverage is determined from XPS data (details can be found in
the XPS experimental section or additionally in ref. 20-23).

2.2. UHV-chamber with attached high-pressure recirculating
batch reactor

Sample preparation and characterization was performed in a
combined preparation/analysis chamber with attached reaction
cell, described in more detail elsewhere (base pressure in the
low 10~ mbar range).>* The sample is heated via a home-built
e-bombardment setup. Electrons are ejected from a triple-
filament emitter (operated with 30 W heating power) set to
—500 V, while the sample is set to +300 V. The electron impact
heating power is controlled via the filament emission current.
For spectroscopic analysis, the chamber is equipped with a
hemispherical electron and ion analyzer (Thermo Fisher Electron
Alpha 110), a double anode X-ray gun for XPS (Mg/Al, XR 50,
Specs), an ion gun sufficient to produce 1 kv He" ions for ISS
(Omicron 100) and an electron beam gun for Auger electron
spectroscopy (KPI EGPS-2017B). Additionally, a mass spectro-
meter (Balzers) for residual gas analysis and an Ar' ion sputter
gun for sample cleaning is attached. A three way gas inlet
allows to dose O, (Messer, 5.0), H, (Messer 5.0) or O, cleaned
Ar (Messer 5.0) via leak valves into the chamber. All XPS spectra
in this chamber are recorded with a non-monochromatic Mg Ko
X-ray source (hv = 1253.6 eV) at 250 W and at the magic angle to
the analyzer. For XPS the analyzer is operated at a constant pass
energy of 20 eV.

All catalytic experiments are performed using a 20 x 18 mm
ultra-clean polycrystalline Pd foil (Goodfellow, 99.95%) with a
thickness of 0.125 mm. For reference experiments on pure ZrO,,
a pre-oxidized 0.127 mm Zr foil with the same size (Alfa Aesar,
purity: 99.95%) is used. The foils are cleaned before loading to
the UHV chamber in a water and an ethanol ultrasonic bath for
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20 min, respectively. ZTB (Sigma Aldrich, purity. 99.999%) is
filled and mounted to the combined preparation/analysis chamber
as described for the Omicron setup above. ZTB exposition is
performed as described in the context of the individual experi-
ments discussed below. Sample heating is performed by electron
impact heating.

In order to validate the CVD-based catalytic results and to
obtain a broader experimental basis of the Pd-Zr° system with
respect to reforming performance, also an intermetallic bulk
phase of Pd and Zr° is prepared. The preparation is performed
under HV conditions (base pressure 1 x 10~ mbar) by heating
small pieces of the above-specified pure Pd and Zr foil samples
resistively in a Ta crucible in the nominal atomic ratio 2:1. At a
temperature slightly above the melting point of Pd (1828 K),
spontaneous reaction between Pd and Zr leads to an inter-
metallic Pd-Zr melt, which then recrystallizes toward Pd-Zr
bulk phases during cooling in vacuum. Thereafter, this sample
is transferred to the UHV system with attached batch reactor for
analysis and catalytic testing. Note, that this sample, in com-
parison to the CVD-prepared ones, is exposed to air at room
temperature between preparation and characterization. The
nominal 2:1 Pd : Zr stoichiometry (i.e. with Pd excess) is chosen
with the idea to maintain at least some active Pd metal surface
coexisting with oxidatively segregated Zr species under reaction
conditions. Moreover, an excess of Pd is necessary because the
melting point of Zr is very high and complete intermetallic
formation reaction of Pd with Zr is necessary in order to
distribute the Zr’ homogeneously in the melt. The corresponding
X-ray diffraction patterns of the initial Pd-Zr sample is made up
by a complex superposition of at least two different Pd-Zr
intermetallic phases, including Pd;Zr and Pd,Zr;, alongside a
small amount of oxidized monoclinic ZrO,. Note that this is in
striking contrast to the similarly prepared Cu-Zr samples,™
indicating a much less initial homogeneous melt. In due course,
as will be discussed below, after the DRM reaction, the patterns
are even more complicated, indicating phase transformations
and partial (oxidative) decomposition of the intermetallic Pd-Zr
compounds.

For catalytic testing in the ambient pressure recirculating
batch reaction cell, a long z-transfer rod allows fast and reliable
transfer without exposure to air. The all-quartz-glass high-pressure
(up to 1 bar) batch reactor is equipped with a gas chromatograph
with either intermediate or continuous EID-MS detection to
determine the exact gas composition at any point of reaction.
Continuous partial pressure detection is performed via a capillary
leak to the GC-MS. The quartz-glass reactor with a total circulation
volume of 296 ml is designed to measure small reaction rates and
selectivity patterns within a temperature range between room
temperature and 1300 K. A circulation pump ensures a constant
flow and gas intermixing and an attached gas-premixing unit
allows to set arbitrary compositions of the attached reactant vapors
or introduced gases (methanol, methane (5.0), deionized and
degassed water, CO, (5.0), O, (5.0), H, (5.0), Ar (5.0) and He
(5.0). The sample holder itself is entirely made of quartz glass to
avoid background reactivity from hot metal parts and is designed
for 20 mm x 18 mm metal foils.

This journal is © the Owner Societies 2016
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A partial pressure of 8-30 mbar argon added to all gas
mixtures allows to account for the thermal expansion due to
the temperature increase and the simultaneous gas loss
through the capillary leak for continuous EID-MS detection.
For partial pressure calculations, all base-line-corrected MS
signals are calibrated using pure substances with quantitative
consideration of fragmentation. For all MSR catalytic experi-
ments shown in this work, the following initial conditions are
applied: 12 mbar methanol, 24 mbar water, 8 mbar argon, He
added to a total pressure of 1 bar. After an equilibration and
premixing period of 10 min, a heating routine (rate 10 K min ™)
up to 623 K is performed, followed by an isothermal period at
623 K. For all DRM catalytic experiments shown in this work,
50 mbar methane, 50 mbar CO,, 30 mbar Ar, adding He added
to a total pressure of 1 bar were chosen. After an equilibration
and premixing period of 10 min, a temperature ramp up to
1073 K within 30 min was performed, followed by a corres-
ponding isothermal period at 1073 K. For discussion about
mass and heat transport limitations, we refer to a thorough
discussion of the catalytic setup in ref. 25.

2.3. In situ XPS setup

Synchrotron-based in situ XPS experiments were performed at
the ISISS (Innovative Station for in situ Spectroscopy) beamline
at the BESSY II synchrotron in Berlin, Germany. The experi-
mental apparatus consists of a load lock and an in situ cell
connected to the XPS spectrometer via differential pumping
stages. The experimental apparatus has been described in the
literature in detail previously.>® Samples are heated in the in situ
cell via a near-infrared semiconductor laser (4 = 808 nm) from
the rear. The temperature is measured by a K-type (chromel-
alumel) thermocouple positioned between sample holder back
plate and Pd foil. All in situ experiments are performed on the
same Pd foil sample that is used for the model catalyst prepara-
tion in the UHV instrument with attached batch reactor.

The same ZTB cylinder/leak valve setup described above is
transferred to ISISS beamline. Due to the fact that ZTB only
interacts with surfaces hotter than 500 K, it is safe to dose the
organometallic precursor into the analysis chamber without
any Zr deposition on the components of the vacuum system or
on the X-ray window. The growth of ZTB can then be followed
directly via XPS. To determine a potential influence of the X-ray
beam on the sample structure and chemistry, heating was
performed at random checking with and without X-ray beam.
As no distinct changes in the spectra between the two runs have
been observed, this influence is considered to be marginal.

Monochromator control allows to chose photon energies
corresponding to kinetic energies of the ejected photoelectrons
of 120 eV for all monitored core-level photoemission peaks in
order to extract information from a constant information depth
and to yield the same attenuation of the photoelectrons
through the gas phase. Due to the fact that 95% of the signal
arises from a sample depth up to ~1 nm, this operation mode
is considered to be maximum “surface sensitive”.

Photoelectrons are collected in the direction normal to the
surface at constant pass energy of 10 eV. Binding energies were
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referenced to the Fermi edge, which is measured each time the
monochromator moves to a new position (i.e. whenever the
incident photon energy was changed). Photoemission peak
intensities are corrected for the respective photon flux at a
given photon energy. Since the BESSY II synchrotron operates
in top-up mode (constant ring current), no additional correc-
tion for the ring current was required. Since all photoemission
peaks were collected at the same kinetic energy of photo-
electrons (120 eV), the attenuation through the gas phase was
the same for all-core levels and, thus, cancels out in coverage
calculations.

2.4. Analysis of the XPS data

All spectra are analyzed using the CasaXPS software program,
version 2.3.16 Pre-rel 1.4 (Casa Software Ltd).”” A Shirley back-
ground is applied to all spectra and the associated Scofield
relative sensitivity factors are used for quantification. For peak
fitting of the Zr 3d peaks a weighted sum of Gaussian and
Lorenzian peak shapes (CasaXPS line shape SGL(30)) is assumed,
using a doublet separation (Zr 3ds, vs. Zr 3ds,) of 2.4 eV for both
metallic Zr*® and zirconia®® was used for fitting. The doublet area
is kept constant at 3:2 as arising from spin-orbit d-electron
coupling. Electron attenuation lengths were taken from the NIST
database SR 82°° and the orbital asymmetric parameter from the
ELETTRA online database of ref. 31 The quantification of the XPS
data is given as atomic percentages or coverage/thickness. The
atomic percentage is estimated assuming homogeneously mixed
elements. Since an adlayer on the substrate surface is not a
homogeneous system, the coverage/thickness gives a better
representation. The ZrO,H,, surface coverage is calculated assuming
a non-attenuating adlayer on a semi-infinite substrate.’® > As the
maximum ZrO,H,, layer thicknesses remained in the sub-monolayer
regime in this study, the influence of a potential attenuation
effect of the photoelectrons by the overlayer remains negligible
even for the highest exposures. This is tested by comparing the
results on a ~1 ML ZrO,H, covered sample, using both an
attenuating and non-attenuating overlayer model, which even-
tually shows negligible differences. Details of these calculations
are given in ref. 20-23 and in the ESI, Section A.

2.5. Density functional theory (DFT)

All calculations are performed with plane-wave DFT using the
Vienna ab initio simulation package (VASP) using the projector
augmented wave (PAW) method.***? To elucidate the role of the
van der Waals interaction in this system, we perform vdW-DF
calculations using the optB88 functional.**** The cutoff energy
for the plane wave basis set is fixed at 400 eV. Geometry
optimization is performed with a conjugate-gradient algorithm
and considered to be converged when the forces on each
unconstrained atom was <0.01 €V A~". A Monkhorst-Pack grid
of 2 x 2 x 1 is employed due to the large unit cell. We use a
V7 x /7 surface unit cell for Pd(111) with five layers thickness.
The bottom two layers are fixed at their bulk position. On top of
the Pd surface, 1 to 3 layers of a (2 x 2) cubic ZrO, film are
adsorbed and fully optimized. According to the previous
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experimental STM observations and theoretical work,'®'” we
take the (111) surface of cubic ZrO, as the surface orientation of
the ZrO, film. The calculated lattice mismatch between each
other is 1.3%. The reaction energy AE of deposited ZrO, films
on the Pd surface is calculated by

AE = [Erora(Zr0,-Pd) — Eoral(PA*™) — Nz Erotal(ZrO5™))/Acen
(1)

which is defined by the difference between the total energy of
the compound system [E,1(ZrO,-Pd)] and the sum of the total
energy of the clean Pd surface [Eyoe(Pd*"™)] and the total bulk
energy [Eml(Zro‘;‘ﬂk)] of as many ZrO, formula units as are
adsorbed within a unit cell on top of the metal surface (170,
divided by the area of the two-dimensional unit cell A..;;. The
smaller the AE value, the more stable the structure becomes.

The formation energy of ZrO, films with a different number
of layers is defined by

AEgim = Ecoai(Zt05) — Nzr0, Erotal(ZrO5™) (2)

where E,(ZrO,) is the total energy of the relaxed ZrO, film.
Here the lattice parameters (a = b) of the ZrO, film and the ion
positions are all allowed to change. The adsorption energy of
the ZrO, film at the Pd(111) surface is then calculated by

AEads = Etotal(ZrOZ_Pd) - Etotal(Pdsurf] - Etotal(zroz)' [3)

From eqn (1)—(3), it follows AE = (AEfim + AEaqs)/Acen-

The temperature- and pressure-dependent terms of condensed
phases are small and tend to be neglected in the free energy
calculation. The differences between the chemical potentials can
be approximated by the difference between their calculated DFT
electronic energies (Ei). For the gas phase, the thermal
contributions from the translational, rotational and vibrational
enthalpies and entropies are added.’® By this definition, the
reaction energy AGg;ss for oxygen dissolution into Pd sub-layer
and AGg for oxygen diffusion to the available bare Pd(111)
surface are not affected by the reaction temperature and
pressure, and will be equal to the reaction energy at 0 K.

The reaction energy AGgiss for oxygen dissolution into Pd
sub-layer is calculated by

AGcliss = Etotal(erZ_O_Pd) - Etotal(erZ_Pd)' [4)

Eioral(ZrO,-0O-Pd) is the total energy of ZrO,-Pd system with
one oxygen dissolving into the Pd sub-layer. The reaction
energy AGg;s for oxygen diffusion to the available neighboring
bare Pd(111) surface is then calculated by

AGdii‘f = Etotal[(ZrOZ)OVacancy_Pd] + Etotal(o_Pd)

- Etotal(ZrOZ_Pd) - Etotal(Pdsurf)' (5)
Etotall(ZrOz)ovacancy=Pd] is the total energy of the compound
ZrO,-Pd system with one oxygen vacancy at the ZrO, film.
Etotai(O-Pd) is the total energy of the Pd(111) surface with one
adsorbed oxygen atom. All the Pd surfaces here have the same

surface area. For the O, production in the gas phase, the
reaction Gibbs free energy AGo, is calculated by

AGo, = AE, + 0.5G(T) (6)
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AEO = Etotal[(Zr02)0vacancy_Pd] + 0-5Et0tal(02) - Etotal(erZ_Pd)-

)

AE, is the reaction energy at 0 K including the zero-point energy
evaluating from the difference of the electronic energies between
the products and the reactants, and G(T) represents the free
energy of O, in the gas phase under the chosen experimental
reaction temperature and pressure. Eoe[(ZrO2)ovacancy~Pd] is the
total energy of the compound ZrO,-Pd system with one oxygen
vacancy at the ZrO, film.

3. Results

3.1. Synthesis of the starting catalyst structure and redox
chemistry of Zr

3.1.1. ZTB adsorption on palladium surfaces and the ALD/
CVD window. Following ZTB exposure of Pd(111) at room
temperature, only a small amount of zirconium is detected by
XPS and only when Pd(111) is pre-treated with oxygen prior to
ZTB exposure (2000 L at 298 K; this yields a p(2 X 2) O,qs/Pd(111)
structure, but no surface Pd oxide, which only forms at elevated
temperatures). The coverage of as-deposited ZrO,H,, is estimated to
be in the range of 10> ML following high exposures of ~2000 L.
In order to increase the ZrO,H, coverage, we explore an ALD-like
approach: multi-cycles of ZTB exposure followed by annealing in
UHV. ZTB exposure is performed at room temperature the (first
half of the ALD cycle) and annealing in UHV is performed at 673 K
(second half of the ALD cycle, no co-reactant). As shown in Fig. 1A,
this approach does not help to grow more Zr: no increase of the Zr
amount is observed with number of cycles. The carbon coverage is
in the range of ~1.5 ML, increasing after ZTB exposure and
decreasing after UHV annealing, which also results in removing Zr.

Typically, an ALD/CVD process is characterized by a specific
temperature window. For instance, the exposure temperature
is recommended to be around 650 K for Si.° The ALD window
for the decomposition of ZTB on a SiO, wafer was between
573 K and 673 K.>”*® The activation barrier was explained by a
hydride elimination step, which was considered as a rate
limiting step, and the formation of isobutene.’” A pure ALD
mechanism was supposed to occur below 573 K. We investi-
gated the dependence of the zirconium amount from the ZTB
exposure temperature. Fig. 1B shows the amount of zirconium
and carbon (in atomic percent for a rough quantitative estima-
tion) calculated from the Zr 3d and C 1s XPS peaks as a function
of ZTB exposure temperature. Carbon can be mainly found on
the surface following exposure at temperatures below a sharp
threshold of ~573 K. Above 573 K, the Zr/Pd ratio increases
rapidly and the amount of carbon decreases. A remarkably
similar behavior was observed during ZrO, growth from ZTB on
Si(100) by Cameron and George,*® where the CVD rate of ZrO,
increased sharply above 573 K and then started to drop above
773 K. At high temperatures, ZrO, deposition was supposed to
be partially poisoned by carbon. Fourier transform infrared
spectroscopy (FTIR) demonstrated hydroxyl (ZrOH*) and butoxide
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Fig. 1 (A) Zr and C coverage as a function of number of ALD-like cycles:

Ist half cycle — 2000 L ZTB adsorption at RT and 2nd half cycle —
annealing at 673 K in vacuum. Prior to the first ALD cycle, the clean
Pd(111) surface was exposed to 2000 L O, at 298 K; (B) constant exposure
of 2000 L at selected temperatures, indicating the CVD window. (C)
Langmuir plot of Zr and C atomic% derived from Zr 3d, C 1s and Pd 3d
versus ZTB exposure at 693 K (isothermal conditions).

(ZrOC(CHg;);5*) species on ZrO,, whose concentration decreased
roughly linearly with temperature from 300-800 K.** In our case,
we do not detect much carbon deposition at high temperatures.
However, a much lower ZTB pressure is used in our study
(~107> Torr vs. 0.05 Torr in ref. 38) and Pd exhibits a high
carbon dissolution capability.*® Therefore, on Pd the amount of
deposited Zr decreases above 673 K most likely due to kinetic
limitations: fast desorption of ZTB effectively competes with
dissociation. The temperatures between 550-773 K are most
efficient for zirconium deposition, more effective than multiple
ALD-like cycles at room temperature. The temperature of 693 K is
usually used for the CVD experiments described in this study
because of the empirically determined trade-off between reducing
the unwanted carbon deposition and optimizing the Zr amount.

A Langmuir-type plot (deposited amount of Zr and C versus
ZTB exposure in Langmuir) obtained at 673 K is shown in
Fig. 1C. No zirconium saturation was observed even at 4000 L,
while the carbon amount was decreasing with exposure.
Increasing with exposure, the Zr amount is more typical for
CVD than for ALD. The CVD was also reported for ZTB adsorption
on Si(100).*® Interestingly, carbon is displaced by zirconium
compounds, which might reflect a competition for adsorption/
dissociation sites between ZTB and its decomposition products
(i.e. hydrocarbons). ZTB dissociation products could hinder ZTB
adsorption and block further ZTB dissociation. A similar situation
was observed during trimethylaluminum and ferrocene adsorption
on Pd(111) and Pt(111).>** The CVD growth of ZrO,H, on Cu is
also monitored in situ. The corresponding XP spectra are shown in
the ESI+ in Fig. S1.
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Fig. 2 HREEL spectra obtained following 2000 L ZTB exposure of the
Pd(111) surface (a) at 180 K and heated to 293 K in UHV, (b) and (c) at 293 K;
for (c), Pd(111) was pre-exposed to 2000 L O, at 673 K. HREELS spectra
were collected at 293 K. The energy losses, which are characteristic of
ZTB, are marked in blue.

In order to identify adsorption species and to understand
the low zirconium uptake below 550 K, ZTB adsorption is
investigated by HREELS (Fig. 2). Molecularly adsorbed ZTB
was prepared by 2000 L exposure on Pd(111) at 180 K and
followed by warming up to 293 K (spectrum (a) in Fig. 2).
Despite the rather complex spectrum, all detected vibrations
are very similar to those detected from FTIR in gas phase for the
tert-butyl group and ZTB.*°™* In XPS (ESI,¥ Fig. S2), two
separate C 1s peaks can be seen at 286.9 eV and 284.9 eV
following ZTB exposure, which can be attributed to carbon
bound to oxygen or carbon, respectively. By comparison with
the Zr 3ds), peak area, the C/Zr ratios for the oxygenated and
non-oxygenated species are 4.9 and 17.4, respectively. This
allows us to conclude that adsorption of ZTB is mostly mole-
cular under these conditions. The characteristic frequencies of
ZTB on Pd(111) are summarized in the ESI{ in Table S2 and
compared with literature values. The HREELS spectrum
obtained following ZTB adsorption on Pd(111) at 293 K (spectrum
(b) in Fig. 2) is slightly different. The main difference is a new
peak at 1685 cm ' (marked dark-green). This peak can be
assigned to the stretching of the double C—=C bond,***® which
most likely is due to adsorbed isobutylene species. Indeed,
thermal desorption of isobutylene correlated with the ZrO,
growth rate,®® and this observation along with FT-IR-detected
butoxide species (ZrOC(CH3); 4q5) 2llowed Cameron and George®®
to conclude that the butoxide species decomposition via
B-hydride elimination is the rate-limiting step for ZrO, film
growth. This conclusion is consistent with our HREELS data
showing dissociation of ZTB and the appearance of the
adsorbed isobutylene species. The intensity enhancement of a
skeletal vibration of tert-butyl group, (C-C), at 780 cm ™ infers
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that the surface is covered with ZTB dissociation products. The
C/Zr ratio increased compared to the molecular adsorption
as well. The ratio for the room temperature-exposure roughly
is 30:1 atomic% C:Zr. Thus, hydrocarbon products of ZTB
dissociation ‘“‘passivate” the Pd(111) surface against further
ZTB adsorption.

Spectrum (c) in Fig. 2 was obtained following 2000 L ZTB
exposure of Pd(111) covered by O,4,. Interestingly, the spectrum
is close to the one for the molecular adsorption of ZTB
(spectrum (a), Fig. 2): it is likely that the surface contains less
ZTB dissociation products, as no adsorbed isobutylene species
are found on the surface. On the other hand, a new peak
appeared at 1745-1775 cm ™" (dark-red), which can be due to
a C-O stretching vibration in aldehyde or ketones.**™¢ Likely,
an isobutyl fragment splitting off ZTB could attach to a surface
oxygen center without p-hydride elimination. No OH vibration
following ZTB adsorption in all three cases is observed.

According to the HREELS data, even slight heating of ZTB
adlayers in UHV resulted in decomposition of hydrocarbon
species (ESI,T Fig. S3). Structure-wise, following adsorption of
100 L ZTB at 673 K, the surface is covered with a layer of rather
disordered ZrO, mixed with carbon as determined from STM
images (Fig. 3A). This layer is not uniform and contains holes
and cracks (Fig. 3B). The surface carbon species seen in this
stage are most likely C,H, fragments and/or graphitic deposits,
as deduced from the main C 1s components around 284 eV
(not shown). A relatively broad height distribution within the
terraces (not shown) indicates the limited uniformity of the
overlayer.

Based on the data discussed above, we propose the following
mechanism of ZTB-Pd surface interaction.

On clean Pd(111), ZTB dissociates via B-hydride elimination,
resulting in adsorbed isobutylene and butoxide (ZrOC(CHj); aqs)
species. Isobutylene species either desorb as isobutylene or
decompose and hydrogenate leaving carbon on the surface.
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Fig. 3 (A) STM images of the CVD-grown ZrO, overlayer on Pd(111) (100 L ZTB
at 673 K, ZrO,H,~carbon layer coverage estimated to ~1 ML, bias voltage:
—0.8 V, tunneling current: 0.4 nA), including monoatomic step edge profile
in the Pd(111) surface, (B) crack in the non-uniform mixed ZrO,H, + carbon
overlayer, C) height profile of step edge along the line shown in A.
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The adsorbed butoxide species dissociates further, resulting in

ZrO, deposition (* denoting an adsorption site, n and x are
stoichiometric factors):

Z1(OC,4Hy)4 + n* — Zr(OC(CHs)s)x,ads + (4—X)CH,—CH—(CH3)5 ads

+(4—x)Oyqs (x=1,2and n=7,5) (R1)
Zr(OC(CHs)s)x,ads + X* — ZrOy + xCH,—~CH—-(CH3)5,205 (R2)
CH,—CH-(CH3),20s » CH,~CH-(CH;),T +* (R3)
CH,;=—CH—(CH3); aqs + 3* — 4H,1 +4C (R4)

ZrO + Ouqs — ZrO, + *. (R5)

As dissolution of carbon atoms in Pd is fast above 573 K on
Pd,* we assume this process to dominate the ALD vacuum
annealing step. Some oxygen could be consumed for hydrogen
and carbon oxidation. The further fate of ZrO, is discussed
separately. We can conclude that at temperatures below the
threshold of ~550 K, the surface is poisoned by carbon
compounds and above 773 K, the deposition rate starts to
decline due to kinetic limitations (too fast desorption of ZTB).

On O,4s/Pd(111), the main difference is the appearance of
alkoxide-like species showing C—O stretching vibrations. The
exact configuration of this species is out of this work’s scope
and would require further investigation.

3.1.2. Reduction and oxidation of Zr-containing species on
Pd surfaces. Annealing in vacuum at 673 K removes carbon
efficiently (structure Fig. 4, XP spectra shown in Fig. 5). Surpris-
ingly, annealing for 10 min results in zirconium reduction to
Zr°: the Zr 3d;), peak shifts from 183.15 eV for the precursor
(zr**) to 179.6 eV, which is formally Zr°. This is a remarkable
finding, since bulk zirconia is a very stable oxide and the
reduction of bulk phases of this oxide without intimate contact
to a noble metal is only possible under extremely harsh condi-
tions. The oxide formation enthalpy is —1100 kJ mol ".*" In
fact, it is usually very hard to even keep Zr in its metallic state.
Fig. 4 shows the STM images obtained following 100 L ZTB
exposure of Pd(111) at 673 K and annealing in UHV at 723 K.
According to XPS, carbon is largely removed, and STM detects
evenly-distributed sub-nanometer clusters with the height
of ~0.4 nm, corresponding to a monoatomic height step of
zirconium. Note that in the images, most likely a double tip
along the scan direction is present, which doubles the present
Zr atom clusters. However, the 1-3 atom clusters (blue framed)
were assigned to metallic Zr. The atom-atom distance between
two neighbouring elemental Zr’ atoms not being affected by
the double tip amounts to 0.32 nm (hcp lattice), and does, thus,
fit to a certain degree to the dimensions of the Pd arrangement
of the Pd(111) surface, exhibiting a Pd-Pd distance of 0.28 nm
between nearest neighboring atoms. The large misfit of the
interatomic distances for Pd(111) and Zr(0001) likely prevents
epitaxial growth of Zr on Pd(111).

The unusual behavior on Pd under vacuum conditions,
leading to the formation of nanostructured Zr° islands, is
explained by efficient removal of oxygen atoms and an extremely
low re-oxidation rate. As deduced from STM images and DFT
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Fig. 4 (A-C) STM images obtained after CVD growth of the ZrO,H, + C
overlayer (100 L ZTB at 673 K) on Pd(111) followed by UHV-annealing to
723 Kin 5 x 10~ mbar. The resulting Zr° coverage was ~ 0.1 ML, and no
more carbon was detected after annealing. The formed Zr-nanoclusters
are shown in panel C and sub-panels |-lll. (gap voltage: 0.2 V, constant
current mode, feedback setting: 0.2 nA). Clusters containing 1-3 Zr atoms
(blue frames) are seen (note that the structure most likely is imaged using a
double tip. However, as all structural features seem to be doubled along
the scan direction, the clusters containing 1-3 Zr atoms seen along the
direction almost perpendicular to it are true Zr clusters being present on
the surface).

calculations shown later, metal support interaction effects are
also highly beneficial. Even though a number of Pd-Zr inter-
metallic bulk phases and/or compounds of varying stoichiometry
are known,*”*® no such Pd-Zr phases can be formed at tem-
peratures as low as 673 K. The Zr° metallic surface state was
confirmed on the Pd(111) surface by (i) almost no shift of the
Pd 3ds, peak (peak position: 335.2 eV) and (ii) the fact that
the Zr 3d intensity does not change following annealing (neither
dissolution nor evaporation) and (iii) the shift of the Zr 3d
binding energy toward 179.4 eV typical for metallic Zr
species.”®®® On the other hand, the interface between ZrO,
and the noble metal (Pd or Pt) likely plays an important role
since this reduction is only working on Pd and Pt, but e.g. not on
Cu, which is a less active material.

In order to extend our understanding of ZTB CVD under
UHV to more realistic conditions, we compare the UHV results
to the in situ XPS data obtained at the synchrotron radiation
facility BESSY-II. Fig. 5 shows the Zr 3d spectra obtained during
the in vacuo heating of the CVD grown ZrO, film (~2000 L ZTB
at 673 K, deposited amount ~0.6 ML) on Pd(111) and on
polycrystalline Pd foil by the UHV-XPS (Omicron) and in situ
by the NAP-XPS at BESSY II, respectively. The better vacuum
conditions in the UHV-XPS set-up (5 x 10~ "' mbar, water free)
compared with the 5 x 10~® mbar water-containing back-
ground in the NAP-XPS chamber allowed to obtain completely
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Fig. 5 Zr 3d spectra of the CVD-grown ZrO,H, overlayer (673 K, 2000 L
ZTB) at room temperature (“as prepared”) and after annealing in vacuum to
623 K, 673 Kand 723 K. Left panels: experiments on Pd(111), base pressure
of the UHV XPS chamber 5 x 10~ mbar. Right panels: experiments on a
Pd foil at the NAP-XPS setup of ISISS beamline at HZB/BESSY I, base
pressure 5 x 107 mbar. The initial Zr coverage for both experiments is
approximately 0.6 ML.

reduced zirconium. In in situ NAP-XPS, the highly reactive ZTB
precursor was converted to mainly ZrO, right after preparation
(Zr 3ds/, at 182.4 eV). Also the amount of carbon is significantly
lower in UHV-XPS, which we assign to enhanced precursor
decomposition due to the intense synchrotron beam of the
in situ experiment and partially to the high base pressure. In
both experiments, heating in vacuum results in reduction: only
metallic Zr (179.4 eV) was detected in UHV-XPS, whereas a
larger fraction of “partially reduced” zirconium (interfacial
species) is additionally observed in the in situ NAP-XPS experi-
ment, as a Zr 3ds, component is found at ca. 181.0 eV. This
state is assigned to an ultrathin layer of Zr0,.*® We tentatively
assign this peak to oxygen-deficient and not fully metallic
interfacial ZrO,H,, e.g. with metal-metal bonds to the Pd
substrate and still remaining Zr-O-Zr entities to the outermost
ZrO, layer(s). This may explain the suggested oxidation state
between Zr*" and Zr°, but rather if e.g. a bi- or multilayered
precursor would be affected by loss of interfacial oxygen
between Zr and Pd.

The reduction of Zr*" is more difficult in the NAP-XPS-
System, as not all Zr can be fully reduced to the metallic state
(Fig. 5). In the ex situ UHV experiment, where the reduction is
fast and complete, no such partially reduced intermediates
could be detected. This difference most likely arises from the
much poorer vacuum conditions of the in situ NAP-XPS chamber
as discussed above. The background pressure of any oxygen
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containing molecules was, thus, found to be crucial for the
eventual efficiency of Zr reduction. Also, the growth mode of
the Zr** precursor species (i.e. layer thickness or island formation)
may be already pre-determined by the residual gas conditions
during deposition and/or annealing.

Upon further annealing (T > 780 K), dissolution of Zr into
the Pd bulk occurs, leading to a significant loss of the Zr 3d
intensity and the formation of a near-surface Pd-Zr alloy,
as indicated by a slightly higher BE shift of the Pd 3d peaks
(not shown herein). The BE of the dissolving Zr is found to be
179.6 eV, which is shifted about 0.2-0.4 eV towards higher
BE from the position for bulk Zr°.° The most likely reason is
the enhanced Pd-Zr coordination in the subsurface regions,
but charge-transfer processes and final state effects might also
play a role.

3.1.3. Hydroxylation of surface Zr° species using water. The
reduced state of Zr is heated to 723 K in 5 x 10~® mbar and
0.3 mbar H,O in the ex situ experiments and the in situ
experiments, respectively. Hydroxylated zirconia, ZrO,H,, (Fig. 6,
binding energy Zr 3ds, ~183.0 eV) and also a minor ZrO,
component are detected in both experiments. In 5 x 10~° mbar
H,O0, the hydroxylation process is obviously slower because of a
much lower H,O pressure. At 723 K, hydroxylation mostly occurs
within 15 min: the state assigned to interfacial Zr could be
detected. Almost complete loss of Zr° and the associated highest
degree of hydroxylation is reached after 30 min. Hydroxylation is
faster and more complete in the in situ experiment (0.3 mbar) due
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Fig. 6 Zr 3d spectra obtained ex situ and in situ during heating of 0.2 ML
Zr°/ZrO4H, in water. Zr°/ZrO,H, is prepared by annealing of CVD-grown
ZrO,H, (at 673 K, 2000 L ZTB) in 5 x 107*/5 x 108 mbar for the ex situ
and in situ experiment, respectively. Left panels: ex situ UHV XPS experiments
on Pd(111), water pressure 5 x 10~/ mbar. Right panels: in situ NAP-XPS
experiments on a Pd foil, water pressure 0.3 mbar for 20 min.
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to the higher H,O pressure. The Zr 3ds, peak of hydroxylated Zr*"
differs from the fully oxidized state and is found at around
183.0 eV, which complies well with literature values.>

Only in the UHV ex situ experiment the hydroxylation
process is fully reversible: annealing at 723 K fully re-establishes
the metallic state of Zr. Most likely, the degree of reversibility of
the reduction process is highly dependent on the background
pressure of oxygen containing molecules such as H,O and O, in
the residual gas.

Even though a catalytic reforming cycle should rather
involve reversibly formed hydroxyl groups at Zr sites, an analo-
gous experiment can also be performed with O, instead
of H,0. Oxidative treatments in O, (ex situ) and 0.3 mbar O,
(in situ) leads in both cases to fully oxidized ZrO,. Oxidation in
5 x 107 mbar O, for the ex situ experiments is fast, after 10
min no more metallic Zr is found. Again, full reversibility to the
Zr metal state is only achieved in the UHV chamber. Water-
analogous results are also obtained for the in situ experiments
with 0.3 mbar O, pressure. Here, again only partially reversible
reduction is possible, highlighting the aforementioned limita-
tions by the poorer background pressure.

3.1.4. DFT calculations of the initial stages of ZrO,
reduction. To better understand the energetic pre-conditions
leading to the pronounced reducibility of ultrathin ZrO, films
on Pd surfaces, DFT calculations with variable ZrO, film thick-
ness were performed. The reaction energy for deposition of a
ZrO, film on the Pd(111) surface, as cut from the ZrO, bulk
structure, is calculated by eqn (7) (see Section 2, “Computa-
tional methods”). The corresponding reaction energies AE for
1 ML, 2 ML, and 3 ML thick ZrO, are 1.20, 1.14 and 1.20 ] m ™2,
indicating that the 2 ML ZrO, film is more stable than its 1 ML
and 3 ML counterparts. The positive value of the reaction
energy indicates that the process of cutting layers from the
cubic ZrO, bulk structure and depositing them as an ultrathin
ZrO, film on the Pd substrate is endothermic. To better under-
stand the deposition of the ZrO, films, the reaction energy AE
is separated into two parts, the formation energy AEg, of the
respective ZrO, film from the bulk ZrO, structure, and the
adsorption energy AE,qs of this film on the Pd substrate. Our
calculations show that the formation of a freestanding ZrO,
monolayer from the bulk structure would require an energy of
3.59 eV and an equilibrium lattice compressed by ~9%. The
corresponding adsorption energy AE,q, for the 1 ML ZrO, film
on the Pd substrate is —0.11 eV. Formation of a freestanding
2 ML ZrO, film from the bulk structure would require an energy
of 5.09 eV and an equilibrium lattice compression of ~4%. The
corresponding adsorption energy AE,q, for the 2 ML ZrO, film
at the Pd(111) surface is —1.81 eV. To form a freestanding 3 ML
ZrO, film from the bulk structure would require an energy of
5.66 €V and an equilibrium lattice compression of ~3%. The
corresponding adsorption energy AE,q4s for the 3 ML ZrO, film
and Pd substrate is —2.18 eV. The lattice compression of ZrO,
film with respect to the ideal bulk structure was observed in
previous theoretical calculations.>® With increasing thickness,
the film lattice slowly approached the bulk lattice dimensions.
It is noted that the 1 ML ZrO, film exhibits the smallest
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adsorption energy, which is partially due to the strongest film
reconstruction among the discussed 1-3 ML scenarios. In
summary, the 3 ML ZrO, film is less stable than the 2 ML
one due to the required larger film formation energy from the
ZrO, bulk, and the 1 ML ZrO, film is less stable than the 2 ML
one due to the smaller adsorption energy at the Pd substrate.

We then investigated three possible competing reactions for
oxygen atom removal: to release 0.50, into the gas phase
directly, to dissolve an O atom into the Pd sub-layer and to
diffuse the O atom to the available neighboring bare Pd(111)
surface. The free reaction energy at 725 K, calculated for an
equilibrium pressure above the surface of P, = 10~'* mbar, is
summarized in Table 1. Among the three possible competing
reactions the interface oxygen diffusion to the neighboring bare
Pd(111) surface is in any case the most favorable, followed by
direct desorption into the gas phase as 0.50, and dissolution
into the Pd sub-layer, which is the least favorable. The corres-
ponding reaction energies for the interface-to-Pd oxygen diffu-
sion are 0.74, 1.43, and 0.94 eV for the 1 ML, 2 ML and 3 ML
thick ZrO, films, respectively, while the direct desorption of
0.50, into the gas phase is ~0.20 eV higher than the diffusion.
The corresponding reaction energies for oxygen dissolution in
the Pd sub-layer amount to 2.00, 3.09 and 2.48 eV, which is in
all cases much higher than the diffusion to the neighboring
Pd(111) surface. We also found that the surface oxygen of the
topmost layer and the interface oxygen of the lowest layer show
the same reactivity for the direct O, desorption for the 1 ML and
2 ML ZrO, films. However, for the 3 ML ZrO, film, the interface
oxygen is more active than the surface oxygen, indicating that
the oxygen vacancy is more stable at the interface than at the
outer surface. The corresponding structures for oxygen diffu-
sion to the neighboring Pd(111) surface and dissolution
into the sub-layer of the Pd substrate are shown in Fig. 7.
As shown therein, the surface Pd atom moves up significantly
by ~0.40-0.50 A in order to adapt the dissolved oxygen atom.
In Table 1, we also included the movement of an interface
Zr atom. As expected, atomic Zr dissolution from the interface
to the Pd sub-layer is less favorable than atomic oxygen
dissolution due to the large size of atomic Zr. The corres-
ponding reaction energies are 2.78, 3.45 and 3.29 eV for the
1 ML, 2 ML, and 3 ML ZrO, films. Comparing all the reaction
energies, it is noted that to move either O or Zr from the 2 ML
ZrO, film is more difficult than that from the 1 ML and 3 ML
films, suggesting that the 2 ML arrangement is the most
stable one.

Table 1 Calculated reaction energy AGgss (€V) of O/Zr dissolution into
the Pd sub-layer, reaction Gibbs free energy AGo, (eV) of O, production in
the gas phase, reaction energy AGgis (V) of O diffusion to the available
neighboring bare Pd(111) surface at 725 K with Po, = 10~ ** mbar

ZrO, 1 layer 2 layer 3 layer
AGdiss(ointerface - Osub—layer/Pd) 2.00 3.09 2.48
AGo (Ointerface = 0.50,) 0.94 1.63 1.14
AGo (Osurface = 0.50,) 0.94 1.68 1.46
AGdiff(Ointerface g OPd) 0.74 1.43 0.94
AG(liss(zrinterface - erub-layer/Pd) 2.78 3.45 3.29
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As discussed above, among the three possible competing
reactions the interface oxygen rather prefers to diffuse to the
available neighboring bare Pd(111) surface. Following this
process, atomic oxygen may recombine to desorb as O, from
the Pd surface. A number of previous experimental and theore-
tical studies have investigated O, adsorption/desorption on the
Pd(111) surface.>®>” Using thermal desorption spectrometry,
one of our previous studies showed that the O, desorption rate
from a chemisorbed O(ads) layer on Pd(111) reached its max-
imum at ~ 750 K, which implies that associative O, desorption
from bare Pd is both possible and irreversible under the UHV-
reduction conditions chosen in the present study.’®

The conclusions from this section regarding the optimum
growth conditions for subsequent full reducibility are: (i) pre-
ferential single layer growth of ZrO, and (ii) a large phase
boundary of the sub-monolayer ZrO, islands toward the sur-
rounding bare Pd surface should be realized already during the
deposition process.

3.2. Catalytic results

To correlate the redox chemistry of Zr on Pd with catalytic
properties, the previously discussed Pd-Zr systems have been
tested in two model reactions: methanol steam reforming and
dry reforming of methane. While for the former no catalytically
promoting role has been found (for an overview of the catalytic
results, see ESL{ Section F, Fig. S4-S6), the latter is clearly
promoted by Zr doping of Pd. These experiments, which show
the opening of new CO, activation channels on Pd, are now
discussed in Section 3.2.1.

3.2.1. Dry reforming of methane (DRM). To account for the
eventual promoting role of Zr, the mixed valence Pd/Zr’/ZrO,H,
model catalyst (again prepared by annealing of CVD grown
ZrO,H, in vacuum), as well as the Pd:Zr = 2:1 intermetallic “IM”
reference catalyst described in the experimental section, are tested
for methane dry reforming (DRM, CH, + CO, — 2CO + 2H,). For
this reaction, no initial water activation is required, but active sites
both for CO, and CH, activation are mandatory. Water can in
principle play a “co-catalytic” role as an intermediate or spoil the
reaction as a side product, if CH, is not stoichiometrically con-
verted and the inverse WGS reaction is active:

Water-free
CH, —» C+2H,
C + CO, — 2CO

Water-involving

CH, —» C +2H,

CO, + H, — CO + H,0
C+H,0 - CO + H,

The results of the DRM experiments are shown in Fig. 8. In
none of the catalytic experiments shown therein, H,O was
detected, thus, at least the side reaction to water associated with
the inverse WGS reaction is of minor importance. Carbon was
detected with XPS on the surface after the reaction, but in too
low amounts (relative to the gaseous reactant/product amounts)
to affect the overall stoichiometry. Fig. 8 displays the DRM
selectivity/activity pattern for a choice of “monofunctional”
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(pure Pd or Zr) and “bifunctional” (Pd-Zr) model catalysts. Clean
Pd is completely inactive, as well as clean ZrO,. Fig. 9 shows the
corresponding XP spectra before and after selected DRM experi-
ments of Fig. 8. A pure Zr metal foil was oxidized in 1 bar O, at
673 K to form a ZrO, layer that is thicker than the XPS analysis
depth (95% of signal from topmost 5 nm for ZrO, with Mg Ko
radiation). After the DRM reaction, the ZrO, film is reduced
within the accessible information depth and a single state of Zr
is detected in the XPS 3d region at a binding energy of 179.4 eV,
which agrees well both w1th literature BE values of Zr°>° and
zirconium carbide ZrC.*> Destructive (sputter) depth profiling of
this surface after catalysis is shown in the ESIf in Fig. S7,
revealing a thickness of the carburized ZrC layer on top of Zr
of at least 20 nm.

For the CVD-prepared and then vacuum- or oxygen-annealed
Pd/Zr°/ZrO,H, or Pd/ZrO, samples, the activity in DRM depends
on the initial oxidation state of Zr. As soon as there is a small
fraction of Zr° available in the pre-catalyst (see arrow in Fig. 9),
a measurable CO formation rate could be detected. In Fig. 8,
the reaction rate is multiplied by a factor of 30 to show that
there is some CO, consumed and CO formed at the stoichio-
metric ratio 1:2, but at a 30x lower rate as compared to the
bulk-intermetallic “IM” catalyst described below. Again, no water
side product formation could be detected. The temperature-
programmed reaction profile for fully oxidized ZrO, on Pd
(generated by annealing of the “as-grown” CVD layer in O, at
750 K) is not shown since no reactivity at all was detected, but
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Fig. 7 Structural models of interface oxygen dissolution to the sub-layer of Pd(111) and diffusion to the available neighboring bare Pd(111) surface.
The reaction energies are labeled. Left: the Pd—O diffusion scenario; right: dissolution scenario; middle: 1 (a), 2 (b), and 3 (c) ML ZrO, on the Pd(111)
substrate. The moving O atom is marked by a dashed black circle. Small red spheres: O; large green spheres: Zr; blue spheres: Pd. The boxes indicate the
computational supercell.

the XP spectra for both ZrO, and ZrO,H /Zr on Pd are shown in
Fig. 9 before and after DRM. On this basis, the fundamental
activating function of Zr°, which becomes in situ oxidized
during DRM, could be shown qualitatively in spite of the very
small initial Zr® amount. In order to substantiate this result,
we decided to test an all-intermetallic bulk phase of Pd and Zr
in the stoichiometry of 2:1 under otherwise identical DRM
conditions (“IM” sample prepared by strongly exothermic
co-melting, see chapter 2). The sample gets (surface) oxidized
at room temperature over time, leading to a loss of Zr° in XPS
(analysis depth ~2-3 nm). This oxidation was not found to be
crucial for the catalyst performance. It does not matter whether
Pd-Zr intermetallic is surface pre-oxidized in air at room tempera-
ture almost within the XPS analysis depth (Fig. 9). The “before
DRM” - IM spectra in Fig. 9 shows the most air-oxidized state right
before the catalytic experiment. Nevertheless, it shows residual Zr°.

On this sample, the formation rate of CO is ~30 times
higher than on the vacuum annealed CVD Pd/ZrO/ZrOxHy
sample. This substantiates our interpretation that the (in situ)
oxidative segregation from an initially intermetallic phase and/
or surface leads to an enhanced number of reforming-active
interfacial Pd/ZrOH, sites. Again, we suggest the idea that
the (in situ) oxidation of an atomically homogeneous inter-
metallic phase leads to the most disperse Zr*'O,H, surface-near
distribution possible and therefore, to a maximum number of
Pd/ Zr*'O,H, interface sites, ie. to a quasi “atomically dis-
persed” phase boundary. The validity of this concept has
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Fig. 8 Methane dry reforming (DRM) on (a) Clean oxidized Zr foil (iden-
tical with pattern for 0.3 ML ZrO, on Pd, prepared by post annealing of
CVD grown ZrO,H, in 5 x 107" mbar O, at 700 K). (b) 0.3 ML Zr°/ZrO,H,,
prepared by annealing of CVD grown ZrO,H, in 5 x 10~° mbar vacuum
(the reactant consumption- and CO product formation rates were multi-
plied by a factor of 30 and plotted in the Y-scale range of the “IM”
experiments (c and d) two consequent DRM runs of an intermetallic Pd : Zr =
2:1"IM" bulk phase, (e) pure Pd. Initial DRM conditions: CO,: CH, = 1:1, total
reactant pressure 100 mbar).

previously been proven for Cu/Zn"?, Pd/Zn"® and Cu/Zr'" and is
now also confirmed for Pd/Zr. The enhanced DRM reactivity on
the Pd/Zr’/ZrO,H,, pre-catalyst is therefore mainly assigned to
the synergistic action of very small Zr° clusters, which become
partially oxidized and/or hydroxylated under reaction condi-
tions and exhibit a high number of direct Pd neighbours.
Obviously, the number of these desirable interfacial sites is
even higher on the in situ oxidized IM bulk phase pre-catalyst,
eventually leading to a 30 times higher reaction rate.

Note that no deactivation of the IM catalyst was found on the
time scale of our experiments (2 X 60 min each, 1st and 2nd
run). In both cases, the decrease of the reaction rate in the
isothermal reaction section is due to complete consumption of
CO, and CHy, as the reactor is operated in re-circulating batch
mode. This reproducibility and stability with respect to catalytic
performance holds despite a huge amount of carbon deposition
(or, possibly, surface segregation) after cooling in the reaction
mixture (see C 1s region of uppermost panel in Fig. 9). The
binding energy of ~284.5 eV and the rather large peak width
(as compared to pure graphite) suggest a mix of sp> or
sp>-hybridized carbon species. The carbon layer is thick enough
for complete shielding of both the Pd and Zr signals. This renders
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Fig. 9 XPS (Pd 3d, Zr 3d, C 1s and O 1s (overlapping with Pd 3p) region)
before and after DRM experiments for: (a) clean Zr foil, pre-oxidized in
5 x 10~ mbar O, at 750 K for 15 min; (b) 0.3 ML ZrO, on Pd, prepared by
thermal annealing of CVD grown ZrO,H, in 5 x 10~7 mbar O, at 700 K;
(c) 0.3 ML ZrO/ZrOXHy, prepared by annealing of a CVD grown ZrO,H, in
5 x 10~° mbar vacuum at 700 K; (d) intermetallic Pd/Zr (2:1) “IM” bulk phase
before first and after second DRM run. The arrow indicates the Zr° component.

the absent deactivation of the catalyst after the first run even more
surprising. Apparently, the catalytically active sites become again
accessible during heating, e.g. if the carbon layer is reacted off by
CO, and/or becomes re-dissolved in the bulk. Since the reaction
sets in at ~900 K, the onset of the Boudouard reaction might
explain this phenomenon. A final note on the bulk structure of the
DRM-tested intermetallic Pd-Zr sample should be provided at this
point. As already outlined in Section 2 and further elaborated
upon in the discussion of Fig. S8 (ESIt), highlighting the X-ray
diffractograms before and after the DRM reaction, despite the
nominal 2:1 composition, the initial patterns reveal the presence
of at least two intermetallic compounds with Pd excess, namely
Pd;Zr and Pd,Zr;. Upon performing the DRM reaction, the
patterns get even more complex, including the complete removal
of the Pd;Zr phase and the formation of a new Pd¢Zr phase.
Elementary, graphite-like carbon and partially oxidized ZrO, in
the monoclinic and tetragonal modifications, formed by partial
(oxidative) decomposition of the Pd-Zr intermetallic compounds,
are equally observed. This is in striking contrast to Cu-Zr, where
only one Cus,Zr;, compound was observed after preparation.>* A
common behavior (despite the different reactions) are the massive
operando observed bulk structural changes accompanying the
surface chemical alterations. However, due to the initially less
homogeneous melt in the Pd-Zr case, the structural complexity is
significantly more pronounced.
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4. Conclusions

The CVD process of zirconium-¢-butoxide ZTB was studied on
Pd(111) single crystal and on polycrystalline Pd foil samples.
A substrate temperature of ~700 K was found to be ideal to
create a partially hydroxylated, carbon-depleted and vacuum-
reducible ZrO,H, overlayer. Depending on the quality of the
vacuum conditions, reversible partial or full reduction of the
ZrOH, overlayer (i.e. Zr*") to surface Zr° nanoclusters could
then be accomplished. This very dynamic redox behaviour of
ZrO,H, overlayers on Pd manifests itself in repeated oxidation
(in water or oxygen) and vacuum-reduction cycles to the
adsorbed Zr° metallic state without alloying up to 770 K.
Nanoclusters of 2-6 Zr’ atoms were found by STM if Pd/ZrO,H,
was UHV-reduced at 723 K. DFT calculations show that the
interfacial oxygen, especially that of a single-layer cubic ZrO,
film, energetically prefers to diffuse to the available neighbor-
ing bare Pd(111) surface, rather than to desorb as O, or to
become dissolved in the Pd subsurface region.

CVD-prepared and vacuum-reduced Pd/ZrO/ZrOxHy model
catalysts are not MSR active up to 623 K, due to the formation
of an interlayer of graphitic carbon between Zr and Pd, result-
ing in the loss of active Zr/Pd phase boundary sites. In contrast
to the related Cu/ZrO,H, system, MSR on Pd/ZrO/ZrOxHy does,
therefore, not proceed via the low (< 623 K) temperature/partial
dehydrogenation route with intermediate formaldehyde, which is
thereafter totally oxidized by activated water to CO,. On Zr-doped
Pd, rather, the expected full dehydrogenation of methanol toward
CO takes place on the bare Pd surface patches, followed by the
(also water-activation dependent) water gas shift route toward
CO, at higher temperatures above ~ 650 K. The latter process is
only possible in the presence of an active Pd/ZrO,H, phase
boundary, which is re-established above ~650 K by reactive
removal of carbon deposits.

Dry reforming activity with almost 100% CO-selectivity is
only observed if Zr® species either in a CVD-prepared/vacuum-
reduced or melt-prepared intermetallic Pd-Zr ““pre-catalyst’” are
initially present. With an intermetallic pre-catalyst bulk phase
with a nominal 2: 1 composition consisting of Pd° and Zr°, the
highest CO formation rates were obtained. At the surface of
both systems, Zt° is not stable under DRM conditions, and
Zr*'O,H, species are formed by in situ reactive oxidation/
hydroxylation. This process is likely to lead to a particularly
high number of active phase boundary sites. As discussed
above, further studies will most likely be focused on identifying
sophisticated synthesis routines, allowing to prepare single-phase
Pd-Zr intermetallic compounds, whose intrinsic (catalytic) properties
can, thus, be studied.

DFT calculations to describe the Pd/ZrOH, induced CO,
activation and the reaction mechanism to CO and H, are
planned. Besides enhanced CO, activation, also formation of
surface adsorbed carbon from CH, may be positively influenced
by Pd/ZrO,H,. The present study provides phenomenological
evidence for an enhanced phase boundary synergism, including a
beneficial carbon chemistry. Thus, theoretical studies of the
microscopic reaction mechanism at the active sites are imperative,
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since Zr doping of Pd obviously opens up special CO, activation
pathways on chemically and electronically Pd, which are not
available on clean undoped metallic Pd.
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