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ABSTRACT: Here, we report on the first application of high-pressure XPS (HP-XPS) to
the surface catalyzed selective oxidation of a hydrocarbon over palladium, wherein the
reactivity of metal and oxide surfaces in directing the oxidative dehydrogenation of crotyl
alcohol (CrOH) to crotonaldehyde (CrHCO) is evaluated. Crotonaldehyde formation is
disfavored over Pd(111) under all reaction conditions, with only crotyl alcohol
decomposition observed. In contrast, 2D Pd5O4 and 3D PdO overlayers are able to
selectively oxidize crotyl alcohol (1 mTorr) to crotonaldehyde in the presence of co-fed
oxygen (140 mTorr) at temperatures as low as 40 °C. However, 2D Pd5O4 ultrathin films
are unstable toward reduction by the alcohol at ambient temperature, whereas the 3D PdO oxide is able to sustain catalytic
crotonaldehyde production even up to 150 °C. Co-fed oxygen is essential to stabilize palladium surface oxides toward in situ
reduction by crotyl alcohol, with stability increasing with oxide film dimensionality.
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■ INTRODUCTION

Aerobic selective oxidation of alcohols (selox) represents an
elegant class of atom-efficient molecular transformations that
yield valuable aldehyde, ketone acid, and ester products that
find application across the fine chemical, pharmaceutical, and
agrochemical sectors. Commercial selox processes have tradi-
tionally employed stoichiometric oxidants or homogeneous
metal catalysts (or both); however, the quest for sustainable
chemistry is now driving the search for alternative solid catalyst
technologies that offer lower hazardous and toxic waste, simple
product separation, and continuous processing in fixed-bed
reactors.1 Allylic aldehydes are high-value components used in
the perfume and flavorings industries2 and can be readily
synthesized under mild conditions by the oxidative dehydro-
genation of their corresponding alcohol over platinum-group
and noble metal heterogeneous catalysts:3 Crotonaldehyde is
an important agrochemical and valuable precursor to the food
preservative sorbic acid, and citronellyl acetate confers rose/
fruity flavors and aroma.
The direct, aerobic selective oxidation of functionalized

hydrocarbons via platinum-group metal catalysts has been a
matter of intense research and debate over the past decade.4,5

Early ex situ mechanistic studies exploring alcohol selox by
platinum-group metals suggested that reduced (metallic)
species were responsible for effecting the catalytic cycle;
however, these were compromised by the use of corrosive
electrolytes6 or strongly adsorbing surfactants. There is now
compelling evidence from operando XAS measurements7 and
structure−activity studies over well-defined catalysts8−10 that in
the case of palladium, oxide and not metal is, in fact, the active

catalytic species. In vacuo temperature-programmed XPS and
mass spectrometry investigations of crotyl alcohol (but-2-en-1-
ol) and crotonaldehyde (but-2-en-1-al) over Au/Pd(111)11,12

surfaces have demonstrated that oxidative dehydrogenation of
the alcohol competes with decarbonylation of the aldehyde
over palladium metal (Scheme 1)13,14 and that coadsorbed
oxygen or alloyed gold can ameliorate the latter pathway.14,15

Definitive proof that the outermost layers of palladium are
oxidized during selox under realistic conditions has remained
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Scheme 1. CrOH Oxidation to CrHCO Showing Undesired
Competing Decarbonylation Pathway
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elusive though, because of the inherent instability of palladium
surface oxides in the preceding (in vacuo) model studies and
lack of surface sensitivity in the operando techniques brought to
bear on dispersed Pd nanoparticles to date.
Pioneering work in analyzer and vacuum prelens chamber

design in the 1970s16,17 has paved the way for the development
of HP-XPS or ambient pressure photoelectron spectroscopy,
(AP-PES)18−24 which can bridge the “pressure gap”, thereby
permitting the study of metastable phases,22,25 and identi-
fication of adsorbates present during steady state catalytic
turnover.26−29 HP-XPS has recently been employed to study
the oxidation of palladium single crystals at pressures up to 1
Torr,30−32 enabling the construction of detailed phase diagrams
spanning several distinct surface and bulk oxide phases which
map well to theoretical predictions. Herein, we utilize this
knowledge to investigate the surface chemistry of crotyl alcohol
by HP-XPS over two-dimensional Pd5O4 and three-dimensional
PdO surface oxides prepared on a Pd(111) substrate and
compare their reactivity with that of the underlying metal as a
function of oxygen partial pressure and temperature.

■ EXPERIMENTAL SECTION

HP-XPS measurements were conducted on BL 9.3.2 of the
Advanced Light Source (ALS), Lawrence Berkeley National
Laboratory,20 operating at a beam energy and current of 1.9
GeV and 500 mA, respectively. The end station consists of a
sample preparation chamber with a sputter gun and an
analytical chamber equipped with a quadrupole mass
spectrometer. The sample was mounted via tantalum clips to
a ceramic button heater, and type K thermocouple wires were
spot-welded to the edge of the Pd(111) crystal to measure
sample temperature. Sample cleaning was performed by
repeated sputter, 700 °C anneal, and O2 treatment cycles,
with final sample cleanliness verified by removal of surface

carbon by XPS. The binding energy was calibrated with respect
to the Fermi edge of the sample. Spectra were processed with
CasaXPS Version 2.3.5, employing a Shirley background
subtraction and spectral fitting using the lineshapes detailed
in Supporting Information Table S1. Asymmetric Doniach
Sunjic functions were used to fit both Pd 3d and C 1s regions,
and symmetrical Gaussian−Lorentzian functions were used for
the overlapping Pd 3p3/2 and O 1s regions. The choice of an
asymmetric line shape for our high resolution C 1s XP spectra
follows previous studies of adsorbed hydrocarbons on metal
surfaces, wherein vibronic broadening induces asymmetry.33

Spectra were fitted with the minimum number of peaks
required to minimize the R factor, using components in a fixed
intensity ratio of 3:1 for the CH3CHCH− and −COH/−
CO environments of crotyl alcohol/crotonaldehyde, respec-
tively. Extra peaks were added as required to account for
expected hydrocarbon fragments and CO arising from
molecular decomposition. The fwhm and binding energies of
all peaks were held constant during fitting. Gas-phase ionization
effects at pressures in the mTorr range eliminated charging of
the thin oxide films.
Surface and bulk oxides were prepared following literature

methods31 by oxidation of Pd(111) either at 500 K under 140
mTorr O2 (Pd5O4) or at 700 K under 500 mTorr O2 (PdO) for
15 min, followed by cooling to 40 °C under O2. The O 1s/Pd
3p3/2 region was measured at 835 eV photon energy, and C 1s
and Pd 3d XP spectra were recorded at 595 and 650 eV photon
energies, respectively. Crotyl alcohol (Fluka 95%, 1:19 cis/
trans) was purified by repeated freeze−pump−thaw cycles prior
to background vapor dosing at either 1 × 10−7 Torr or 1 mTorr
through unheated stainless steel lines and valves to avoid
thermal decomposition. Oxygen was co-fed at 140 mTorr.

Figure 1. Surface chemistry of CrOH over Pd(111). Snapshot C 1s XP spectra for CrOH adlayer adsorbed at 40 °C over Pd(111) and heated to 150
°C either (a) in vacuo or (c) under 140 mTorr O2 while continuously acquiring spectra. Intensities of fitted C 1s components from the entire series
of spectra during the temperature-programmed reaction are shown in parts b and d. Note a single envelope is used to simplify fitting of the C3
component of CrOH and alkylidyne decomposition species.
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■ RESULTS AND DISCUSSION

CrOH adsorption over Pd(111) was first examined to
understand the chemistry of the clean metal and compare
with our previous in vacuo study.14 Figure 1a shows two well-
resolved components in the C 1s spectra at 285 and 286.7 eV
along with a weak component at 285.5 eV following a 200
Langmuir (L) CrOH exposure (at pressure of 5 × 10−7 Torr
for 400 s) at 40 °C. The components at 285 and 286.7 eV are
in a 3:1 ratio, which is consistent with the CH3CHCH− and
−H2C−OH functionalities of the parent CrOH, as reported
following 150 K adsorption over Pd(111).14 Molecular
adsorption of the alcohol at this temperature is somewhat
surprising, since our previous low temperature study suggests
that a heated CrOH adlayer should undergo significant
dehydrogenation and decarbonylation. We tentatively attribute
this observation to the formation of a stabilized alkoxide
(CH3CHCHCH2O−) adlayer as a result of rapid decom-
position and carbon lay-down of a small fraction of the initially
adsorbing CrOH, with subsequent lateral interactions driving
adoption of a tilted alkoxide with a smaller adsorption footprint,
preventing further reaction. Surface carbon has previously been
observed to stabilize ethanol as an alkoxide over Pt(111) at 295
K,34 suppressing the usual complete decomposition seen
following 150 K adsorption and heating.35 This hypothesis is
supported by a 0.3 eV chemical shift to lower binding energy
apparent when comparing the RC−OH carbon in the present
study with that reported following 150 K adsorption.14 Indeed,
the third C 1s component present at 285.5 eV grows upon
heating the saturated adlayer and is indicative of an alkylidyne
fragment. This state increases continuously with temperature
(Figure 1b) at the expense of the alcohol/alkoxide to dominate
the surface above 100 °C.14,36 In the absence of coadsorbed
oxygen, Pd(111) thus rapidly self-cokes at catalytically relevant
temperatures (60−140 °C). Recent operando DRIFTS/MS/
XAS measurements of reduced Pd nanoparticles have likewise
reported the decomposition of CrOH above 120 °C, with
concomitant transient evolution of reactively formed propene
and CO preceding coking.37

The impact of gas-phase O2 (at 140 mTorr) on the thermal
chemistry of a saturated CrOH adlayer (200 L at 40 °C) was
subsequently investigated, and the resulting C 1s XP spectra
and fitted components are shown in Figure 1c−d. In contrast to
the in vacuo heating, the presence of coadsorbed oxygen
substantially suppresses decomposition pathways, with ad-
sorbed CrOH (alkoxide) remaining intact at ≤75 °C, above
which the vast majority of the alcohol desorbs, coincident with
decomposition of ∼20% of the initial adlayer, both processes
being complete by 100 °C. Higher temperatures promote
combustion and removal of this residual surface carbon. A
similar phenomenon was observed during the temperature-
programmed reaction of propene in the presence of coadsorbed
oxygen on Pd(111) under UHV conditions, wherein
desorption of the intact alkene is promoted over dehydrogen-
ation to propylidyne that characterizes the clean metal.12 The
mechanism by which background oxygen deactivates metallic
palladium toward CrOH decomposition, for example, elec-
tronic through-substrate charge transfer or steric adsorbate−
adsorbate repulsion, is the subject of ongoing quantum
chemical modeling. Experiments in which CrOH (1 mTorr)
was codosed with oxygen (140 mTorr) (Supporting
Information Figure S1) likewise resulted only in the formation
of a surface alkoxide species, with observed surface chemistry

similar to that in Figure 1c upon heating under an oxygen
background. This suggests alcohol decomposition pathways are
extremely sensitive to the net redox environment, with metallic
surfaces unable to selectively oxidize the alcohol through to the
aldehyde, even under co-fed background oxygen, which is
consistent with liquid phase selox studies over Pd/Al2O3 and
Pd/SiO2 wherein solvent oxygen depletion drives in situ
reduction of PdO to Pd and concomitant rapid on-stream
deactivation.38

Having demonstrated that Pd(111) was inactive toward the
oxidative dehydrogenation of CrOH under any accessible
conditions, the reactivity of palladium oxide surfaces was
assessed. Successful generation of Pd5O4 and PdO surface
oxides was verified by comparison with the spectral fingerprints
provided in the work of Ketteler et al.31 and Zemlynov et al.32

Figure 2a, b shows the fitted O1s/Pd3p3/2 and Pd 3d5/2 XP

spectra of clean Pd(111) and the associated 2D and 3D surface
oxides. Although the Pd 3d5/2 peak can be successfully fitted
with bulk and surface core level components at 335 and 334.5
eV, respectively, as expected for clean Pd(111),39 the
corresponding Pd 3p3/2/O1s region suggests a trace O(a)
component is also present at 529 eV, in addition to the Pd
3p3/2 feature at 532.3 eV. Following oxidation at 500 K under
140 mTorr O2 to generate the two-dimensional surface oxide,
Pd5O4, characteristic states at 529 and 529.7 eV originating
from 3- and 4-fold coordinated O2‑ sites appear (note: these
were not resolvable in our measurements but are included in
the fit for consistency with the literature). The corresponding

Figure 2. Fitted (a) Pd 3p3/2 and O 1s XP spectra and (b) Pd 3d5/2 XP
spectra of clean Pd(111) and as-prepared Pd5O4/Pd(111) and PdO/
Pd(111) surfaces.
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Pd 3d5/2 spectra contained components at 335, 335.5, and
336.5 eV, attributed to Pd0 and oxide phases in which Pd atoms
are coordinated to two and four O2− neighbors, respectively,30

which is consistent with Pd5O4 formation. The retention of the
335 eV bulk Pd signal is a reflection of the 2D nature of this
Pd5O4 surface, that is, the underlying metallic Pd features are
not fully attenuated. Bulk PdO forms when a critical near-
surface oxygen concentration is reached,40 which was achieved
following oxidation at 700 K under 500 mTorr O2. Such
treatment resulted in the growth of an intense O 1s peak at
529.7 eV and the evolution of Pd 3p3/2 and Pd 3d5/2 states at
533 and 336.5 eV states, respectively. The 3D nature of these
PdO overlayers also results in strong attenuation of the metallic
Pd components in the 3p3/2 and 3d5/2 spectra.
High-pressure CrOH adsorption (1 mTorr) was initially

followed over the Pd5O4 surface oxide in the absence of
background O2, and the resulting C 1s spectra and integrated
carbon coverage are presented in Figure 3a. As observed over

Pd(111), CrOH adsorbs molecularly at 40 °C (or at least into
the same indistinguishable alkoxide species), with monolayer
saturation achieved after 10 min of dosing. However, inspection
of the corresponding O 1s reveals that CrOH adsorption is
accompanied by simultaneous reduction of the surface oxide
(Figure 3b). Since no oxidized hydrocarbon adsorbates are
detected during this process, we infer that oxygen abstracted
from the Pd5O4 capping layer is lost from the surface as evolved
water37 through reaction with surface hydrogen arising during
CrOH adsorption as an alkoxide.
In an attempt to stabilize the Pd5O4 surface oxide toward in

situ reduction by CrOH, the same experiment was repeated
while codosing 140 mTorr oxygen (Figure 4). Remarkably,
after 16 min of codosing at 40 °C, a new chemical state appears
in the C 1s XP spectra in Figure 4a at 288.2 eV, that is, at 1.2
eV higher binding energy that the −HC−OH component of
the parent alcohol, characteristic of the −CHO state
expected upon crotonaldehyde formation.14 Quantification of

Figure 3. (a) Integrated C 1s XP total signal during exposure of Pd5O4/Pd(111) surface oxide to 1 mTorr CrOH at 40 °C and (b) O 1s spectra of
Pd5O4/Pd(111) surfaces before and after CrOH adsorption.

Figure 4. Surface chemistry of CrOH adsorption over Pd5O4/Pd(111): (a) snapshots of fitted C 1s XP spectra under 1 mTorr CrOH and 140
mTorr O2 at 40 °C, subsequently heated to 80 and 110 °C under 140 mTorr O2; (b) integrated C 1s XP total signal and fitted CrOH, CrHCO, and
CHX components during temperature-programmed reaction under oxygen; (c) corresponding O 1s XP spectra of as-prepared Pd5O4/Pd(111)
surface and following exposure to CrOH/mixture at 40 °C and temperature-programmed reaction under O2 to 150 °C.
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the integrated CHO and associated CH3CHCH−
components (Figure 4a) reveals ∼75% of the hydrocarbon
adlayer exists as aldehyde during codosing. The corresponding
O 1s XP spectra (Figure 4c) show that although in situ
reduction of the surface oxide still occurs under CrOH + O2
cofeeding, ∼30% of the original surface oxygen is retained.
Reaction induces a redistribution of the surface oxygen species
with a new state at 530.6 eV required to fit the O 1s spectra,
which has previously been attributed to a metastable high-
coverage chemisorbed oxygen species.30

The CrOH feedstream was subsequently removed, and the
adsorbed adlayer was heated while maintaining the O2
background pressure (Figure 4b). This resulted in the steady
desorption of reactively formed crotonaldehyde and unreacted
CrOH above 75 °C, accompanied by the growth of a state at
285.5 eV analogous to that observed over Pd(111) and
attributed to alkylidyne formation. Over the oxide, only ∼15%
of the initially adsorbed (decomposed) hydrocarbons remain
on the surface by 150 °C, with surface cleanup through
alcohol/aldehyde desorption coinciding with reoxidation of the
palladium surface, as evidenced by the O 1s XP spectra in
Figure 4c, again highlighting the critical interplay between the
stability of palladium surface oxides and competitive adsorption
of hydrocarbons versus oxygen as a function of their respective
partial pressures, which is consistent with a Mars−van Krevelen
process.41,42 Reoxidation of supported palladium nanoparticles
occurs rapidly at similar temperatures (albeit at higher oxygen
partial pressures) upon switching from an oxygen-lean to -rich
feedstream during vapor phase CrOH oxidation.37 This
represents the first direct evidence that a surface oxide of
palladium is responsible for crotonaldehyde formation from
crotyl alcohol; however, it is clear that the 2D Pd5O4 oxide layer
is susceptible to reduction by adsorbed hydrocarbons and
cannot thus sustain catalytic turnover under more reducing
environments.

In light of the preceding instability of the Pd5O4 oxide
toward in situ reduction, we examined the surface chemistry of
the thicker 3D PdO film (Figure 5), for which attenuation of
the underlying Pd metal 3d XP signal (to 20% of the clean
surface value) suggests an oxide thickness of 0.9 nm, assuming
an inelastic mean free path of 0.81 nm for 321 eV
photoelectrons.43

Co-feeding the PdO/Pd(111) sample with CrOH (1 mTorr)
and oxygen (140 mTorr) at 40 °C resulted in C 1s XP spectra
similar to those seen over the Pd5O4 surface under the same
conditions, with Figure 5a, b highlighting similar levels of
CrHCO formation (∼67% of the entire adlayer). However, in
contrast to the surface oxide, the corresponding O 1s XP
spectra demonstrate that around 80% of the parent PdO
remains, even after 1 h of continuous exposure to this CrOH/
O2 feed, with 60% retained following subsequent heating to 150
°C (Figure 5c). Preservation of PdO now confers steady state
crotonaldehyde production f rom a CrOH/O2 reaction mixture at
the highest temperatures investigated, with the surface
comprising a 60:40 CrOH/CrHCO adlayer between 80 and
150 °C. Finally, the importance of maintaining a high oxygen
partial pressure and, thus, fully oxidized palladium surface was
verified by removing oxygen from the gas stream while
continuing to dose 1 mTorr CrOH at 150 °C. Three minutes
after oxygen removal, the O 1s XP spectra show complete loss
of the PdO phase (Figure 5c), coincident with rapid
accumulation of alkylidyne moieties at 285.8 eV (not shown),
akin to those observed in Figure 1a at 120 °C.
In conclusion, HP-XPS has enabled us to conduct the first

direct measurements of hydrocarbon oxidation over catalyti-
cally relevant model palladium surfaces and to compare the
reactivity of Pd metal and oxides toward allylic alcohol selox
(Figure 6 and Scheme 2). Pd(111) cannot catalyze the
oxidative dehydrogenation of crotyl alcohol to crotonaldehyde
under either pure alcohol or mixed alcohol/O2 reactant

Figure 5. Surface chemistry of CrOH adsorption over PdO/Pd(111). (a) Snapshots of fitted C 1s XP spectra under 1 mTorr CrOH and 140 mTorr
O2 at 40 °C, subsequently heated to 80 and 150 °C under 1 mTorr CrOH and 140 mTorr O2; (b) integrated C 1s XP total signal and fitted CrOH,
CrHCO, and CHX components during temperature-programmed reaction under CrOH and oxygen; (c) corresponding O 1s XP spectra of as-
prepared PdO/Pd(111) surface and following exposure to CrOH/O2 mixture at 40 °C, temperature-programmed reaction under CrOH/O2 to 150
°C and, finally, removal of O2 at 150 °C.
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mixtures at pressures up to 140 mTorr and temperatures up to
150 °C, favoring extensive alcohol decomposition. A Pd5O4/
Pd(111) surface is active toward crotyl alcohol selox at mild
temperatures under flowing CrOH/O2, but is susceptible to in
situ reduction back to the metal, with concomitant decom-
position and surface coking. Thicker three-dimensional PdO/
Pd(111) films are more resistant to on-stream reduction and
able to sustain continuous crotonaldehyde production at 150
°C. The interplay between alcohol and oxygen partial pressures
and reaction temperature suggests operation of a Mars−van
Krevelen selox mechanism, in which CrOH adsorbed over
surface palladium oxides abstracts oxygen to drive CrCHO and
coincident water formation, thereby generating metallic sites
that must be rapidly reoxidized by gas phase oxygen to prevent
their promoting undesired dehydrogenation/hydrogenolysis
reactions and consequent self-poisoning. Oxide reducibility
thus emerges as a key parameter to optimize high
crotonaldehyde yields and prevent on-stream deactivation,
necessitating efficient mass transport in liquid phase selox

wherein the low solubility of oxygen and slow reoxidation of
surface PdOx anion vacancies may thus become rate-limiting or
promoters to act as oxygen buffers and prevent in situ
reduction.44
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