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ABSTRACT: The reducibility of metal oxides, when they serve as
the catalyst support or are the active sites themselves, plays an
important role in heterogeneous catalytic reactions. Here we
present an integrated experimental and theoretical study that
reveals how the addition of small amounts of atomically dispersed
Pt at the metal/oxide interface dramatically enhances the
reducibility of a Cu,O thin film by H, X-ray photoelectron
spectroscopy (XPS) and temperature-programmed desorption
(TPD) results reveal that, upon oxidation, a PtCu single-atom 10 Torr O,
alloy (SAA) surface is covered by a thin Cu,O film and is, 90 min.
therefore, unable to dissociate H,. Despite this, in situ studies using
ambient-pressure (AP) XPS reveal that the presence of a small

amount of Pt under the oxide layer can, at the single-atom limit,

promote the reduction of Cu,0O by H, at room temperature. We built two density functional theory based surface models to better
understand these experimental findings: a Cu,0/Cu(111)-like surface oxide layer, known as the “29” oxide, in which Pt is alloyed
into the Cu(111) surface, as well as a PtCu SAA. Our calculations suggest that the increased activity is due to the presence of
atomically dispersed Pt under the surface oxide layer, which weakens the Cu—O bonds in its immediate vicinity, thus making the
interface between subsurface Pt and the surface oxide a nucleation site for the formation of metallic Cu. This initial step in the
reduction process results in the presence of surface Pt atoms surrounded by metallic Cu patches, and the Pt atoms become active in
H, dissociation, which consequently accelerates the reduction of the oxide layer. This work demonstrates how isolated Pt atoms at
the metal/oxide interface of a Cu-based catalyst accelerate the reduction of the oxide and, therefore, help maintain the active,
reduced state of the catalyst under the reaction conditions.

1 Torr H,

30 min.
S )

KEYWORDS: single-atom alloy, copper oxide reduction, hydrogen activation, metal/oxide interfaces,
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B INTRODUCTION with a high de$ree of lattice mismatch) led to increased
catalytic activity.'’

Most recently, studies have theorized that interface sites
between the Cu and the support are the active sites for
methanol synthesis.”'”~*' In 2014, Bonura et al. demonstrated
this finding by preparing three different catalysts with varying
Cu loadings and oxide coverages. The results indicated that the
catalytic activity scales with the number of interfacial sites that
allows for both CO, activation and H, dissociation. These
interfacial sites are crucial to the ability of the catalyst to
function, but there is a possibility of these sites being covered

The production of methanol in the United States has increased
by 45% in the last half decade, with each methanol plant in the
US producing up to 1.5 million tons of methanol per year from
CO,.'~* Methanol production requires the dissociation of H,
in order to provide accessible surface hydrogen for the
reduction of adsorbed CO,." Typically, supported Cu catalysts
are used for this reaction.””'* While various supports play a
crucial role in the ultimate formation of methanol, their exact
role in the overall synthesis mechanism has been widely
debated. In the past, these supports have been shown to keep
Cu dispersed, provide charge transfer to Cu sites, and aid in
hydrogen spillover and storage during methanol synthesis.'>"* Received:  December S, 2019
A number of studies have also cited strain between the Cu and Revised: ~ March 3, 2020
support caused by a lattice mismatch as the reason for the Published: March 9, 2020
increased catalytic performance.'”'>'® This latter point is

further supported through a 2007 study by Kasatkin et al. that

reported an increase in nonequilibrium Cu structures (likely
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due to oxide growth on the metallic copper, a process which by
itself has been studied by a number of groups extensively.””~**
Integration of precious-metal dopants into these interface
regions could facilitate H, dissociation and hence maintain the
reduced state necessary for catalytic functionality,”>~* thereby
significantly improving the cyclability of these catalysts. The
reduction kinetics and H, dissociation at these doped interface
regions have yet to be studied at a level of detail necessary to
direct the rational design of more efficient methanol synthesis
catalysts using this methodology.

Specific to this work, the reduction of Cu,O by various gases
has been extensively studied using in situ methods.””*° CO is
known to be able to easily reduce a Cu,O thin film under
relatively mild conditions (10 mTorr at room temperature) via
the Mars—van Krevelen mechanism,*”** and the addition of
potassium dopants on the surface has been found to accelerate
the reaction.”’”* In these cases, the reduction was found to
start on defect sites, both on step edges and on terraces. The
reduction of Cu,O by H,, on the other hand, is less facile due
to the requirement for H, dissociation, which has a high
activation energy on the pristine Cu,0O surface.”””* The
presence of defects and O vacancies on the Cu,O surface can
decrease the activation energy for H, dissociation, but the
presence of platinum-group metals, with their low dissociation
barriers, could yield a more significant effect.”® For example,
the addition of a small amount of Pt to a Cu(111) surface
forms a single-atom alloy (SAA) in which platinum is
atomically dispersed in the first layer of Cu. These isolated
Pt atoms have been shown to be highly active in H,
dissociation, with the added benefit that they are more
resistant to CO poisoning in comparison to Pt nano-
particles.”*>%3¢

In this study, we use the SAA approach to dope the interface
of a Cu metal/Cu,0O model system and examine H,
dissociation and subsequent oxide reduction at these metal
sites through a combination of in situ ambient-pressure
experiments, ultrahigh-vacuum (UHV) studies, and density
functional theory (DFT) based calculations. Our model
catalyst is inspired by, and made similarly to, the previously
studied “29” oxide, which has been characterized by Therrien
and co-workers.”” The structure contains six hexagonal oxide
rings that are slightly distorted, five of which have an oxygen
adatom in the center. The unit cell is 29 times larger than a
Cu(111) unit cell and is typically prepared by oxidizing a Cu
surface at 650 K. In this work, Pt dopants are introduced prior
to oxidation by depositing Pt on the bare Cu substrate at 380
K to first form the well-known PtCu(111) SAA.*“*® After
oxidation at 400 K, the resulting oxide layer likely resembles
the “29” oxide due to similarities in preparation methods as
well as experimental evidence from X-ray photoelectron
spectroscopy (XPS) and CO desorption data. To leverage
the strength of each technique, we employed in situ ambient-
pressure (AP) XPS to study the reducibility of the Pt-doped
Cu,O surface in near-ambient pressures of H, in comparison
to that of the bare surface, and to understand the role of Pt, we
examined the reactivity of the surface toward H, dissociation
using UHV experiments with temperature-programmed
desorption (TPD). Low-energy electron diffraction (LEED)
was used to assess the order of the oxide after different UHV
treatments. Finally, we used DFT-based calculations to provide
atomistic insight into the experimentally observed dissociation
and reduction processes.

B METHODS

Ambient-Pressure X-ray Photoelectron Spectroscopy
(AP-XPS). AP-XPS experiments were performed at the 23-ID-
2 (I0S) beamline at the National Synchrotron Light Source 11
(NSLS-II) at Brookhaven National Laboratory (BNL). Details
about the endstation and experimental setup have been
described elsewhere.*® Cu(111) was cleaned using repeated
cycles of Ar* sputtering (1 kV in 5 X 107° Torr of Ar for 20
min) and annealing to 850 K for 15 min. Pt was deposited
using a SPECS EBE-4 e-beam evaporator at a deposition rate
of a 0.025 (2.5%) monolayer equivalent (MLE)/min at a
sample temperature of 370—380 K. The evaporator was first
calibrated with a quartz crystal microbalance, and the absolute
coverage of Pt was determined by monitoring the attenuation
of the Cu 2p peak. O, (Matheson, ultrahigh purity, 99.98%),
CO (Matheson, research purity, 99.999%), and H, (Matheson,
ultrahigh purity, 99.999%) were introduced into the chamber
during experiments using separate variable leak valves, and the
pressure was monitored by a hot cathode ion gauge/Pirani
gauge combination at low pressures (below 1 mTorr) and a
capacitance manometer above 1 mTorr.

Pt 4f and O Is spectra were obtained at 250 and 710 eV
photon energies, respectively. Cu 3p was used for energy
calibration at each photon energy. During experiments at an
ambient pressure of H,, the photon flux was reduced by
detuning the undulator to eliminate any possible beam-
induced reaction. The absence of beam-induced effects was
confirmed by checking different spots on the sample as well as
by performing a “dark” experiment: i.e., without exposure to X-
ray photons.

Temperature-Programmed Desorption (TPD). The
UHV TPD experiments presented in this work was performed
on a Cu(239 241 246) single crystal with (111) terraces of
~17 nm width and R kinked step edges,”” which closely
resembles a Cu(111) crystal. The TPD chamber has a base
pressure of <1 X 107! Torr. The chamber utilizes a Hiden
quadrupole mass spectrometer (Hal RC 201) and a
manipulator equipped with a liquid nitrogen cryostat capable
of cooling the crystal to 85 K and resistive heating able to heat
the crystal to 750 K. The crystal was cleaned via Ar* sputtering
followed by a 750 K anneal. The Pt/Cu,O surface was
prepared by depositing Pt using a Focus GmbH EFM3
electron beam evaporator on the clean Cu crystal held at 380
K. This PtCu alloy was heated to 400 K and exposed to O, gas
(USP grade; Airgas) at § X 107® Torr for 3 and 20 min. For
the sputtered surface, an RBD sputter gun with a filament
current of 4 A, a focus of 0, and a beam energy of 500 V was
used for 1 min with a drain current of 0.7 pA. Low-energy
electron diffraction (LEED) patterns (OCI Vacuum Micro-
engineering) were used to confirm the surface structure of each
sample. The samples were exposed to CO (99.99%; Airgas)
and H, (99.9%; Airgas) through high-precision leak valves. All
TPD experiments were performed with a 1 K/s linear heating
rate. An analysis of the TPD peaks accounts for the ionization
cross section, quadrupole mass spectrometer sensitivity, and
fragmentation pattern of desorbing species.

Density Functional Theory Calculations. All quantum-
mechanical calculations were performed using the Vienna ab
initio simulation package (VASP).*>*' Interactions between
core and valence electrons were treated with the projector-
augmented wave (PAW) method*” using data sets released by
VASP in 2012. Electronic exchange and correlation energies
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Figure 1. Pt 4f,,, XPS spectra of 5% PtCu(111) before and after oxidation for (A) 3 min, and (B) 20 min: (i) as-deposited surface, measured under
UHV at 300 K; (ii) as-deposited surface, under 1 X 107 Torr of CO at 300 K; (iii) after oxidation under 5 X 107 Torr of O, at 400 K, measured
under UHV; (iv) oxidized sample, under 1 X 10~* Torr of CO at 300 K; (v) after reduction of the oxide by H,, measured under 1 X 10~ Torr of

CO at 300 K.

were computed using the Perdew—Burke—Ernzerhof func-
tional.*’ A cutoff energy of 500 eV was used to determine the
size of the plane-wave basis set used at each sampled k point.
Unless otherwise specified, Gaussian smearing was used in all
calculations using a smearing width of 0.2 eV. In all
calculations, self-consistent field cycles were considered
complete once the total electronic energy changed by less
than 107 eV between subsequent iterations. Further, geo-
metries were considered optimized once Cartesian forces were
less than 0.02 eV/A for all relaxed Cartesian coordinates.

Minimum energy pathway calculations were performed
using the climbing-image nudged elastic band (CINEB)
method,**** using anywhere between three and five images
for an elementary step. These calculations were considered
converged once the relevant projected forces on all relaxed
Cartesian coordinates in each image were below 0.02 eV/A.
For each elementary step, the vibrational modes of the saddle-
point structure were computed, using in-house software
wrapped around VASP, to confirm the presence of a single
imaginary mode to satisfy the strict definition of a transition
state.

A variety of surfaces were used for the calculations presented
in this work. Adsorption calculations of oxygen and hydrogen
were carried out on p(4 X 4) supercells of Pt(111) and
Cu(111) that were four atomic layers thick. The bulk lattice
constants were determined to be 3.968 and 3.63S A for Pt and
Cu, respectively, where 20 X 20 X 20 and 12 X 12 X 12
Monkhorst—Pack grids were used, respectively. Additionally,
oxygen adsorption calculations were carried out on a
PtCu(111) SAA. This surface was constructed by substituting
one of the Cu atoms in the top layer of a four-layer-thick p(4 X
4) Cu(111) supercell (with a lattice constant of 3.635 A) with
a Pt atom. A 3 X 3 X 1 Monkhorst—Pack grid was used to
sample the first Brillouin zone for all of these surfaces, and the
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bottom two layers were held fixed in their bulk positions. Note
that the calculations involving oxygen adsorption were spin-
polarized. To generate densities of states, a single-point
calculation was performed using a 11 X 11 X 1 Monkhorst—
Pack grid and tetrahedron smearing using the geometries
optimized via the previously mentioned protocol. The band
centers in these plots were computed through integration over
only occupied electronic states using the following formula,
where E is the electronic energy, €., is the band center, p(E)
is the electronic density of states, and Eg..; is the Fermi
energy:

S Ep(E) dE
[2 o(E) dE

center

(1)

As a theoretical model for oxidized PtCu(111), a slightly
modified “29” Cu,0/Cu(111) surface was used. The
unmodified “29” Cu,O/Cu(111) surface, less formally known
as the “29” oxide, is experimentally formed by oxidizing
Cu(111) at 650 K and has been observed by multiple
groups.””***” The theoretical unit cell used to model this
surface consists of a Cu(111) surface supercell, consisting of 4
atomic layers with 29 Cu atoms each, topped with 6 hexagonal,
Cu,O-like rings and S additional oxygen adatoms. This cell’s
construction is detailed elsewhere, where it is vetted
thoroughly against experimental images.”” This base surface
was modified for this study by swapping one of the Cu atoms
in the top Cu(111) layer with a Pt atom to reflect the oxidation
of a PtCu(111) surface instead of just a Cu(111) surface. Due
to this cell's large size (approximately an 18 A X 9 A
rectangle), a 1 X 2 X 1 Monkhorst—Pack grid was sufficient for
the first Brillouin zone sampling during geometry optimiza-
tions. However, to generate densities of states, single-point
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Figure 2. (A) Plot of normalized oxide peak area as a function of reaction time in 1 Torr of H, at 300 K for bare Cu,0/Cu(111) (closed circles),
lightly sputtered Cu,0/Cu(111) (open circles), 1.5% Pt/Cu,0(20 min) (squares), 5% Pt/Cu,0(20 min) (closed triangles), and 5% Pt/Cu,O(3
min) (open triangles). (B) O 1s AP-XPS spectra during the reduction of 5% Pt/Cu,O(3 min) under 1 Torr of H, at 300 K. Spectra were acquired

every 70 s.

calculations using a 3 X 6 X 1 Monkhorst—Pack grid and
tetrahedron smearing were performed.

B RESULTS

In Situ Surface Characterization and Reactivity
Studies with AP-XPS. Figure 1 shows the Pt 4f;, XPS
spectra of 5% Pt deposited on the Cu(111) surface under
UHYV and exposed to a variety of conditions. The as-deposited
surface measured under UHV, shown in spectra i in Figure
1A,B, can be fitted with two components: namely, the free (i.e.,
unbound to any adsorbates) surface Pt atoms embedded in the
first layer of Cu(111) at 70.95 eV and subsurface Pt atoms at
71.4 eV.>®"® The former component is shifted to 7225 eV
after the sample was exposed to 1 X 10™* Torr CO (spectra ii)
as CO molecules bind to the surface Pt atoms, while the
subsurface Pt atoms are unaffected by the presence of CO.
This pressure of CO is not high enough to induce any
significant segregation of Pt atoms to the surface.”

A thin Cu,O layer is typically prepared by annealing a
Cu(111) surface at low pressures of O, (1077 to 107 Torr) to
produce either the “44” oxide at 473—623 K or the “29” oxide
at 650 K.***7* For PtCu(111) single-atom alloys (SAAs),
annealing at these temperatures in O, causes the diffusion of Pt
to the Cu bulk,” resulting in a complete loss of any detectable
Pt in the surface or subsurface layers. Therefore, we used a
lower temperature of 400 K to prepare a Cu,O layer over our
PtCu(111) SAAs. Cu 2p XPS shown in Figure S1 shows a
slightly increased intensity in the weak satellite feature at 942—
948 ¢V indicating the formation of Cu" at 400 K, as was also
observed for the “29” Cu,O layer prepared at 650 K. The O 1s
peak of Cu,O prepared at 400 K is also identical with that of
the “29” Cu,O (Figure S1). This shows that the lower
oxidation temperature produced a surface that is chemically
similar to, although likely not structurally identical with, the
“29” Cu,0 layer prepared at 650 K.

The Pt 4f,/, peak of the oxidized sample measured under
UHV is shown as spectra iii in Figure 1 for two separate
oxidation times: 3 min (Figure 1A) and 20 min (Figure 1B).
The plot of the O 1s peak area as a function of time during
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oxidation is shown in Figure S2, showing that the longer
oxidation time resulted in a more complete oxide. In both
cases, a shift of the binding energy of the subsurface Pt
component is observed from 71.4 to 71.3 eV after oxidation. A
similar shift was previously reported for the PtCu(111) SAA as
a result of heating to 450 K under both UHV and ambient
pressures of H, and CO.”>*® This was suggested to be caused
by a decreased compressive strain as subsurface Pt atoms are
dispersed from step edges to the Cu lattice in the terraces.’®**
Clear differences in the Pt 4f spectra can be observed with
different oxidation times. For the 3 min oxidation, hereafter
referred to as Pt/Cu,0(3 min), ~40% of the free surface Pt
atoms remain (Figure 1A, spectrum iii), and they are accessible
to CO adsorption at room temperature (Figure 1A, spectrum
iv). On the other hand, for the 20 min oxidation, hereafter
referred to as Pt/Cu,O(20 min), a single symmetrical peak is
observed at 71.3 eV (Figure 1B, spectrum iii), which is
unchanged after the surface was exposed to 1 X 107* Torr of
CO (Figure 1B, spectrum iv), indicating that the Pt atoms are
inaccessible to CO adsorption. Because only one symmetrical
4f,,, peak is observed for Pt/Cu,0O(20 min) and its binding
energy is identical with that of subsurface Pt in metallic Pt/
Cu(111) SAA after heating, it is likely that the Pt atoms under
the oxide layer have the same binding energy as subsurface Pt
atoms in metallic PtCu(111). The total Pt 4f peak areas after
oxidation are ~74% and ~67% of the initial Pt 4f peak area for
the Pt/Cu,O(3 min) and Pt/Cu,O(20 min) surfaces,
respectively. The lower overall amount of Pt detectable by
XPS indicates that some of the Pt atoms diffuse more deeply
into the metallic Cu bulk during the oxidation process.

The reduction of Cu,O by H, is known to be a very slow
process at room temperature with a long induction time due to
the high activation energy for H, dissociation on the Cu,O
surface.””** In order to monitor the evolution of the oxide
during its reduction under 1 Torr of H,, we plotted in Figure
2A the O 1s peak areas for various Cu,O surfaces as a function
of time during the reduction by H,. For the bare Cu,O/
Cu(111) surface, shown as solid circles, only a 10% decrease in
the oxide peak intensity was observed after 2 h. The reduction
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Figure 3. TPD profiles showing H, desorption after a 100 L H, exposure and CO desorption after a 20 L CO exposure of various “29”-like Cu,O
and Pt/Cu,O surfaces with accompanying LEED patterns. The H, and CO traces are from separate experiments but are plotted together. (A) Bare
“29”-like Cu,O(3 min). (B) Bare “29” like Cu,0(3 min) after being Ar" sputtered for 60 s at S00 V. (C) 5% Pt/Cu,O(20 min) surface. (D) 1.5%
Pt/Cu,0O(3 min) surface. (E) 5% Pt/Cu,O(3 min) surface. LEED patterns (F)—(I) correspond to experiments (A), (B), (D), and (E),

respectively.

of Cu,O to metallic Cu by CO and CH;OH is known to start
on step edges and defects.’"*” Defect sites on the Cu,O
surface have also been found by DFT calculations to decrease
the activation energy for H, dissociation.”* To investigate the
effect of defects on Cu,O reduction by H,, we prepared a
defective Cu,0/Cu(111) surface by lightly sputtering a bare
Cu,O layer with 5 X 107® Torr of Ar at 500 V for 60 s,
resulting in a 10% decrease in the oxide O 1s peak after
sputtering. Figure 2A shows that the reduction of the defective
Cu,0 layer (open circles) occurs at a rate slightly faster than
that of the pristine oxide (solid circles), likely due to the higher
amounts of defects available for H, activation. However, 70%
of the oxide remains after 2 h of H, exposure, indicating that
the presence of defects only has a small effect on the reduction
of the Cu,O layer.

The addition of Pt to Cu(111) prior to oxidation
significantly accelerates the reduction of Cu,O. For the 20
min oxide, a complete reduction of the oxide was observed in
80 min for 5% Pt and 2 h for 1.5% Pt. In both cases of the 20
min oxide, an induction period is observed at the beginning of
the reduction, lasting ~50 and 70 min for the 5% and 1.5%
initial Pt coverages, respectively, during which the reduction
proceeded very slowly. For the 3 min oxide, no induction time
was observed, and reduction of the oxide was initiated
immediately after the introduction of H,, resulting in a
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complete reduction in ~30 min. The O 1s spectra for the 5%
Pt/Cu,O(3 min) sample measured in situ during reduction in
H, are shown in Figure 2B, while the spectra for the reduction
of the bare Cu,O, sputtered Cu,0O, and the Pt/Cu,O(20 min)
surfaces are shown in Figure S3. The remaining broad peak at
~531.5 eV after the oxide was completely reduced can be
assigned to OH species, likely due to the dissociation of
background water adsorbed on the surface, which is already
present on the oxidized surface prior to reduction, as shown by
the tail on the higher binding energy side of the oxide O 1s
peak. We did not see evidence for the formation of water
produced from the reaction between H and the lattice oxide O
atoms, which likely immediately desorbed from the surface.
The faster reduction of the Cu,O surface with the presence of
Pt is conclusive evidence that Pt plays an important role in
facilitating the reduction of Cu,O beyond the presence of any
structural defects on the Cu,O surface introduced by the Pt
atoms. For Pt/Cu,0(3 min), the faster reduction of Cu,O can
be attributed to the presence of surface metallic Pt atoms,
which are active for H, dissociation. However, the reduction
mechanism is less straightforward for the Pt/Cu,0O(20 min)
surfaces, since the Pt atoms are likely covered by the Cu,O
layer and thus are not accessible to H, adsorption and
dissociation.
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The Pt 4f,,, spectra of the surface after the oxide was
completely reduced are shown as spectra v in Figure 1A,B. The
spectra were measured under 1 X 107* Torr of CO at 300 K to
probe the presence of surface Pt atoms. The CO-bound surface
Pt component is observed after reduction of both the 3 and 20
min oxides with an intensities of 30% and 26% of the initial
preoxidation value, respectively. The Cu 2p satellite feature,
shown in Figure S1, decreased in intensity after the oxide was
reduced, confirming the metallic state of Cu.

Modeling the Pt/Cu,0 SAA System with UHV Surface
Science Methods. We utilized UHV surface science methods
to further elucidate the active sites of the Pt/Cu,O surface in
order to understand the mechanism of enhanced Cu,O
reduction observed in the AP-XPS study, specifically the role
of Pt in activating H,. In order to model the AP-XPS
experiments, corresponding PtCu(111) SAAs were prepared
and subsequently oxidized at 400 K in O, to form the same
oxide thin film over the PtCu(111) alloy. To further
understand the structure of these oxidized PtCu(111) alloys,
we used a combination of LEED and CO TPD experiments
before examining their ability to activate H,.

Figure 3 presents a series of TPD and LEED data for various
oxidized PtCu(111) surfaces. Figure 3A shows the results for a
bare Cu sample after 3 min of oxidation. The LEED pattern
displays long-range order akin to that of the “29” oxide.”>™>
Exposure of the surface to saturation CO at 85 K results in a
CO desorption from the Cu,O layer at a temperature similar to
that of the CO desorption from the “29” oxide.”® This
demonstrates that the oxide layer discussed throughout this
paper is very similar to that in the previously studied “29”
oxide. Figure 3A shows that saturation exposure of H, on the
bare 3-min oxide did not result in any recombinative
desorption of H,, indicating that the Cu,O surface is inactive
for H, dissociation under these conditions. The surface studied
in Figure 3B was prepared in the same manner as that studied
in Figure 3A, but we introduced defect sites by sputtering the
surface via Ar* ion bombardment. The LEED results show that
the long-range order of the oxide has been disrupted and we
only see the hexagonal array of spots indicative of Cu(111).
Desorption of saturation CO from this surface displays features
similar to CO desorption from Cu(111).”> The amount of CO
desorption is consistent before and after sputtering the “29”-
like oxide due to the difference in packing density of CO on
Cu(111) vs. the “29” oxide.*>*” Exposure of this sputtered
surface to saturation H, again results in negligible H,
desorption. This indicates that the defect sites are not highly
active for H, dissociation and do not have significant effects on
the reduction of the oxide, consistent with the AP-XPS data
presented in Figure 2A.

We now examine the effect of having small amounts of Pt
alloyed into the Cu surface prior to oxidation. In Figure 3C, we
begin by studying an oxidized 5% Pt/Cu,O(20 min) sample.
The accompanying CO TPD trace only shows the low-
temperature CO desorption features from the oxide layer and
no high-temperature CO desorption from Pt sites. This is
direct evidence that, after a 20 min oxidation period, the PtCu
SAA sites are completely covered by the oxide. The H, TPD
spectrum demonstrates that, when the surface is covered by an
oxide layer, no H, dissociation occurs either. These findings
are consistent with the AP-XPS experiments that show the
presence of an induction period, during which the reduction of
the oxide layer proceeds very slowly due to the lack of H,
dissociation. In contrast, for the Pt/Cu,O(3 min) surface
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(Figure 3D,E), we observe high-temperature CO desorption
around 350 K after saturation CO exposure, which indicates
the presence of exposed Pt sites for both the 1.5% and 5%
initial Pt coverages. Because the packing densities of CO are
different for the Cu(111) surface (0.52 ML of CO) and the
“29” oxide surface (0.138 ML of CO), we cannot directly
compare the total amount of CO desorbing from the
substrate.””** However, the packing density of CO on Pt is
consistent across both of these samples. We are able to directly
compare the CO desorption peaks at 350 K , which we
attribute to CO desorption from Pt sites.”® We find that there
is more CO desorption from the Pt feature of the 5% Pt/Cu,O
surface, indicating that there is more Pt accessible at higher
initial coverages. The CO desorption peak from the Pt feature
of the 1.5% Pt oxidized surface is 20% of the area of the CO
desorption peak from Pt on the initial metallic PtCu(111)
SAAs, indicating that the majority of the Pt atoms are still
inaccessible to CO because they are located under the oxide
layer, which is consistent with XPS data. This CO desorption
behavior is similar to that of the PtCu(111) SAA, suggesting
that the smaller fraction of exposed Pt sites still exist as single
atoms that may sit at pores in the oxide layer or cause a
restructuring of the oxide layer.”® Examination of the LEED
patterns also shows that the presence of Pt has caused the
oxide to reconstruct. When the LEED pattern in Figure 3F is
compared to those of Figure 3H,], there are no overlapping
diffraction spots. This supports the theory that the presence of
Pt in the substrate can cause short-range restructuring of the
oxide. For the LEED patterns with Pt present, the spots are
farther apart from each other, signifying that the short-range
order of this surface is not the same as that of the bare oxide
layer.

In contrast to the bare Cu,0 and Pt/Cu,0(20 min)
surfaces, the Pt/Cu,O(3 min) surfaces are capable of
dissociating H, under the same experimental conditions. For
both the 1.5% and 5% initial Pt coverages, recombinative
desorption of H, is observed around 200 K, similar to that
from the metallic PtCu(111) SAA.*® Again, the higher Pt
coverages lead to more H, dissociation. We can attribute this
H, dissociation solely to the Pt sites in the surface, as revealed
by the results shown in Figure S4, which demonstrate that,
when 1.5% and 5% Pt/Cu,O(3 min) surfaces are prepared and
saturated with CO at 200 K to poison any Pt sites, the surface
becomes inactive for H, dissociation. This confirms that the
active sites for H, dissociation are the same Pt atoms that bind
CO. Together, these results indicate that adding small amounts
of Pt to the Cu(111) surface before the oxide is formed
provides active Pt sites for H, dissociation, a key step in the
reduction of Cu,O.

DFT-Based Model Studies. H, Activation. The oxidized
PtCu(111) surface was found to be reducible in ambient-
pressure experiments, and UHV studies indicated that these
oxidized PtCu(111) surfaces must be able to dissociate H,.
Therefore, we sought to investigate this reaction through
computational chemistry techniques on a model surface,
informed by the previously described experiments so as to
provide atomistic insights into these experimental results. The
exact surface structure of the experimental system is unknown
but has been shown to be structurally and electronically similar
to that of the “29” oxide. A model for this surface, developed
previously,”” was used as a starting point. The “29” oxide unit
cell was modified for this study by swapping a Cu(111)
substrate atom in one of the open oxide rings with a Pt atom,
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effectively creating a PtCu(111) SAA under the oxide
overlayer. This was done to simulate the oxidation of a
PtCu(111) surface as opposed to a pure Cu(111) surface.
Images of the original “29” oxide unit cell and modification are
shown in Figure SS.

Our theoretical investigation began by computing the H,
dissociation barriers over the Pt site in our Pt-alloyed “29”
oxide model. Barriers for H, dissociation using our alloyed-Pt
model are presented in Figure 4. Note that additional reaction
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energy in Figure 4 allude to the difficulty of performing this
first step in surface reduction on a surface with alloyed Pt
densely surrounded by an oxide layer. A detailed analysis of H
adsorption on our Pt-alloyed “29” oxide model that rationalizes
this endothermic adsorption energy can be found in the
Supporting Information.

O and CO Adsorption. In the previous section, we
concluded that H, activation over Pt atoms surrounded by
Cu,O (examined using a Pt-alloyed “29” oxide model) would
be unlikely due to relatively high barriers and endothermic
reaction energies. Therefore, we turned toward examining the
interactions between the initial PtCu(111) SAA and oxygen.
Adsorption energies of oxygen (with respect to oxygen in the
gas phase) on Cu(111) and a PtCu(111) SAA, along with
projected d band densities of states, are presented in Figure S.

0.3

Relative Energy (eV)

0.1 F

oS

0.6 T T T T T T T T

0.5 F
0.4

0.3 - / \

0.2 F

Relative Energy (eV)

Reaction Coordinate

O Cupyy, O Ccyion . Onnion ‘ Opdatom

Figure 4. H, theoretical reaction pathways over a PtCu(111) single
atom (A) and seven-atom Pt alloy patch (B) beneath a “29” copper
oxide overlayer. For comparison, the H, dissociation barrier over a
clean PtCu(111) alloy is approximately 0.05 eV.**%

pathways involving surface hydroxyl formation were consid-
ered, but their activation energies were higher than those of the
pathways presented in Figure 4 (see Figure S7). Figure 4A
demonstrates that the barrier for H, dissociation over the Pt
atom alloyed in our “29” oxide model is not insignificant with
an overall barrier of approximately 0.4 eV. While this is
certainly more energetically favorable than dissociation over
pure Cu,O surfaces,”” it is significantly larger than H,
activation barriers over Pt atoms in PtCu(111) SAAs, which
have been estimated to be around 0.05 eV.”*” Replacement of
additional Cu(111) substrate atoms with Pt around our initial
substitution (to form a patch of Pt) did not lower the
activation barrier (shown in Figure 4B). Further, both
dissociation reactions in Figure 4 are endothermic, indicating
that H, would likely desorb upon dissociation. Although the
overall process of oxide reduction via H, within our model is
exothermic (shown by vacancy formation energies in Figure
S11), the barrier calculations and endothermic dissociation
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Figure 5. (A) Atomic structures of oxygen adsorption on Cu(111)
and PtCu(111) along with (B) densities of states for the d bands of
Cu and Pt (specific atom marked in figure) prior to oxygen
adsorption. Band centers are marked with vertical lines and differ by
approximately 0.11 eV (with Cu atoms being closer to the Fermi
level).

The oxygen adsorption energies E,4 o presented in Figure §

were calculated using the equation
E ads,O E surface)

= —(E — E —
2( surface+20 0, s

(2)
In this equation, E,,..;20 is the energy of the surface with two
adsorbed oxygen atoms, E .. is the energy of the clean
surface, and Eq,  is the energy of gas-phase oxygen. From

Figure SA, it is clear that oxygen binds significantly more
weakly when it is coordinated to a Pt atom (along with
coordination to neighboring Cu atoms) of the PtCu(111) SAA
in comparison to pure Cu coordination when it is adsorbed on
a Cu(111) surface. This can be rationalized through the d-
band center adsorption model,”’ as the d-band center for the
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Pt atom of the SAA is slightly farther from the Fermi level than
the surface Cu atoms of a Cu(111) surface (Figure SB).

Figure S8 shows the adsorption energies of CO on a clean
PtCu(111) SAA and our Pt-alloyed “29” oxide model.
Adsorption of CO on the Pt site in our Pt-alloyed “29”
oxide model (Figure S8B) is slightly weaker than adsorption
on the bare “29” oxide in comparison with previous theoretical
work.”® Experimental work further demonstrates that CO
desorbs from the bare “29” oxide below 200 K,*° indicating
that Pt sites densely surrounded by oxide could not be
responsible for the CO desorption peaks at around 350 K seen
in the TPD studies shown in Figure 3C,D. However, CO
adsorbs much more strongly to a clean PtCu(111) SAA
(Figure S8A), indicating that Pt sites surrounded by metallic
Cu could be responsible for the high-temperature CO
desorption peak observed experimentally.”® This is likely due
to the electronic repulsion between the CO molecule and the
oxide layer, as can be seen on comparison of the contour lines
of the electron density around CO on our Pt-alloyed “29”
oxide model (Figure S8A) to that of the PtCu(111) SAA
model (Figure S8B).

Effect of Alloyed Pt on Oxide Integrity. On the basis of
experimental studies, a complete oxide layer is hypothesized to
form over the PtCu(111) surface after the SAA was oxidized
for 20 min. DFT-based calculations were performed to
determine the effect of Pt alloyed into the underlying
Cu(111) layer on the strength of Cu—O bonds in the oxide
layer above. Oxygen vacancy formation energies, AE,,, were
calculated as the metric to quantify this bond strength within
our “29” oxide model using the formula

AE,,. =E + Eyo - E — Ey, (3)

surf,vac surf, clean

In this equation, Egg., is the total energy of the surface with
an O vacancy, E e, is the total energy of the initial oxide
surface, and Ey o and Ey are the total energies of gas-phase

water and hydrogen, respectively. Note that as AE,,. decreases
(i.e, becomes more negative), water formation using oxygen
from the oxide becomes more thermodynamically favorable.
This suggests that the bonds of the removed oxygen to the
surrounding oxide also become weaker due to this increase in
favorability.

The effect of alloyed Pt on the oxide bond strength was
examined by first selecting an oxygen atom within our “29”
oxide model in order to compute the vacancy formation
energies. The vacancy formation energy for this oxygen was
computed with Pt substituted for different Cu atoms in the top
layer of the underlying Cu(111) substrate of our Pt-alloyed
“29” oxide model. As there are 29 atoms per layer of the
Cu(111) substrate, there were 29 vacancy formation energies
computed. To compute these vacancy formation energies, a
surface Cu(111) atom in the “perfect” “29” oxide unit cell was
swapped for a Pt to compute E ¢ ., in the vacancy formation
energy equation above. Next, the oxygen of interest was
removed from this cell to compute E,,. in the vacancy
formation energy equation above. Our choice to not relax the
structures here was intentional (i.e, Efyoe and Egyg e are
single-point calculations). This choice was made to deconvo-
lute the effect of Pt on the oxide bond strength from any
surface reconstruction that would occur following the
formation of an oxygen vacancy. Not allowing the surface
with a vacancy to relax allows AE,,. from eq 3 to solely
measure the energetic cost of removing an oxygen from the
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surface, and hence the oxide bond strength, without
convolution from other phenomena. For calculations where
the surface was allowed to relax to compute both E and
Equitvacr Please see Figure S11.

Results for a single oxygen within our “29” oxide model are
presented in Figure 6, where the oxygen for which vacancy

surf,vac
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Figure 6. Oxygen vacancy formation energies from the “29” oxide
model as a function of the surface-projected distance between the
vacancy site and the Pt atom alloyed into the top Cu(111) layer of the
atomistic model. Atomistic models are shown for this reaction using
the alloy configuration of the data point marked with a purple square.

formation energies were computed is colored purple within the
presented atomistic models. The results for additional oxygen
are presented in the Supporting Information. From this figure,
it is clear that, as the alloyed Pt is placed closer to the vacant
oxygen site, the oxygen vacancy formation energy decreases.
This suggests that alloyed Pt has a weakening effect on nearby
Cu—O bonds, thus making direct reduction of the oxide via H,
more feasible for oxygen anions that are near the alloyed Pt. A
similar analysis was carried out for the formation of other
oxygen vacancies in this Pt-alloyed “29” oxide model and is
presented in Figure S9.

B DISCUSSION

Our experimental results clearly support the idea that the Pt
dopant weakens the Cu—O bonds, as suggested by our DFT-
based calculations that were discussed in the last section, as a
short (3 min) oxidation time results in an incomplete oxide
layer. CO adsorption on the Pt/Cu,O(3 min) surface is
observed by both XPS and TPD, which shows that patches of
metallic Cu remain around the single Pt atoms, thereby
allowing CO to adsorb on Pt. This provides a thermodynamic
rationale for the presence of unoxidized Cu patches around the
alloyed Pt atoms. The presence of these metallic Cu patches
around Pt also allows the facile dissociation of H, on Pt and
the subsequent spillover of atomic H, which promotes the
immediate reduction of the surface oxide without an induction
period, as observed in Figure 2A.

A longer oxidation time at 400 K is likely able to overcome
the weak adsorption of O, resulting in the formation of a more
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complete oxide layer with no metallic Cu patches around the
Pt atoms, as evidenced by the absence of CO adsorption on
the Pt/Cu,O(20 min) surface at room temperature. This is
fully consistent with the DFT results, which show the weak
adsorption energy of CO on the oxide-covered Pt sites.
Consequently, H, cannot be activated on the Pt/Cu,0(20
min) surface, as shown by the absence of recombinative
desorption of H, in TPD as well as the high H, dissociation
barrier from the DFT calculations. The presence of
chemisorbed O atoms on Pt sites can be ruled out, since any
chemisorbed O would have immediately reacted with CO
under our XPS and TPD experimental conditions shown in
Figures 1 and 3,°"%% which would have then resulted in the
adsorption of CO on Pt, which was not observed. The
existence of an induction period in the initial stages of the
reduction of the Pt/Cu,0(20 min) surface is a direct effect of
this high barrier for H, dissociation. However, the Pt atoms
under the oxide layer likely play an indirect role in initiating
the oxide reduction. During the induction period, oxide
reduction likely starts in the vicinity of the Pt atoms, since
DFT calculations show that the presence of Pt in the
underlying metallic layer under the oxide weakens neighboring
Cu—O bonds. The initial reduction is a slow process due to the
high barrier for H, dissociation, but even on a pristine Cu,O
surface, oxide reduction has been found to start on defect sites.
The Pt atoms in this case create defects in the oxide, which
consequently help initiate the reduction. When enough
metallic Cu atoms are formed around a Pt atom, the surface
starts to resemble that of the 3 min oxide, and the reaction is
significantly accelerated as the Pt atoms are able to play a
direct role in H, activation and spillover.

In Figure 2A, the slope of the O 1s peak area during
reduction of the 5% Pt/Cu,O(3 min) surface is 0.039 min~’,
which is very similar to the slope of 0.037 min™" for the 5% Pt/
Cu,0(20 min) surface after the initial ~S50 min of the
induction period. This is evidence that the surface chemistry
and reactivity of the 20 min oxide after the induction period is
over are similar to those of the 3 min oxide with the same
initial coverage of Pt. The postreduction surface of the 20 min
oxide is also similar to that of the 3 min oxide with the same
initial Pt coverage (Figure 1, spectra v), further giving evidence
that, although initially all of the Pt atoms are covered by an
oxide layer, a fraction of them (~25% of the initial amount)
are exposed and available for CO adsorption after the oxide is
reduced. The fact that the slope for the reduction of the 1.5%
Pt/Cu,O surface after the induction period (i.e., after ~70
min) is less than half (0.017 min™") of those for both 5% Pt/
Cu,O surfaces shows the direct role of Pt in facilitating the
oxide reduction during this second stage of the reduction, as
more Pt atoms result in a faster reaction. This is in agreement
with the TPD data, which show a higher dissociation and
uptake of H, for a higher amount of Pt. The shorter induction
period for the 5% Pt/Cu,0O(20 min) surface in comparison to
the 1.5% Pt/Cu,0(20 min) surface indicates that Pt has an
indirect role in the initial stages of the reduction, as there is a
higher number of weaker Cu—O bonds induced by the
presence of Pt.

B CONCLUSION

This work presents a powerful combination of in situ ambient-
pressure and UHV experiments with DFT-based calculations
that sheds light on H, dissociation and oxide reduction at
metal/oxide interfaces promoted by the presence of small
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amounts of isolated noble metals. Both XPS and TPD data
show that a fully oxidized PtCu(111) SAA surface has no
accessible surface Pt sites, as evidenced by the absence of CO
adsorption on Pt at room temperature. This surface is also
inactive for H, activation, as confirmed by our DFT-based
analysis and the slow initial reduction of the overlying oxide
layer. However, a computational model indicates that the
presence of Pt weakens Cu—O bonds in its vicinity, which
means that the Pt/Cu,O interface plays an important role in
initiating the reduction of oxide around it despite the fact that
the Pt atoms initially do not directly dissociate H,. A partial
reduction of the full oxide layer results in a surface with
exposed surface Pt atoms surrounded by patches of metallic
Cu. This surface can also be prepared by oxidizing the
PtCu(111) SAA surface for a shorter time. These exposed
surface Pt sites are highly active in dissociating H,, which
consequently accelerate the reduction of the oxide layer.

Therefore, the reduction of a fully oxidized PtCu(111) SAA
surface occurs in two phases. First, since no surface Pt atoms
are initially available for H, dissociation, the initial stage of
reduction during the induction period proceeds slowly. The
reduction starts with weaker Cu—O bonds directly in the
vicinity of the Pt atom, creating patches of metallic Cu around
Pt. The exposed Pt atom then becomes highly active for H,
dissociation and plays a direct role in catalyzing the second
phase of the reduction, during which the reduction becomes
much faster. It should be noted that, for an initial 1.5% surface
Pt coverage, the amount of exposed surface Pt atoms in the
second phase of the reduction is much lower (~25% of the
initial amount, corresponding to ~0.4% surface coverage). Yet
this minute amount of Pt is enough to significantly accelerate
the reduction of the Cu,O layer.

This finding has important implications in catalysis, since the
seemingly inert oxide-covered PtCu SAA is actually able to
promote the reduction of the oxide due to the presence of
dopant single Pt atoms under the oxide, thus creating
nucleation sites for the formation of metallic Cu. These
insights into the reactivity of metal/oxide interface sites toward
H, activation and their effect on the subsequent reduction of
the oxide can be used in rational catalyst design efforts for
reactions where interface regions are key to high activity and
prone to deactivation. For Cu-based methanol synthesis
catalysts, for example, the addition of a small amount of Pt
dopant, at the single-atom limit, could provide a way to
maintain a reduced state of Cu under relatively mild reaction
conditions where H, dissociation may be rate limiting.
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