Downloaded viaFRITZ HABER INST DER MPI on November 8, 2022 at 14:48:23 (UTC)
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL
CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Ho®

pubs.acs.org/JPCC

Promoted Thermal Reduction of Copper Oxide Surfaces by

N-Heterocyclic Carbenes

Published as part of The Journal of Physical Chemistry virtual special issue “Cynthia Friend Festschrift”.

Juan J. Navarro, Mowpriya Das, Sergio Tosoni,* Felix Landwehr, Markus Heyde,* Gianfranco Pacchioni,

Frank Glorius,* and Beatriz Roldan Cuenya

Cite This: J. Phys. Chem. C 2022, 126, 1752817535

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

o Supporting Information

ABSTRACT: The influence of metallic and oxide phases coexisting
on surfaces is of fundamental importance in heterogeneous catalysis.
Many reactions lead to the reduction of the oxidized areas, but the

elucidation of the mechanisms driving these processes is often [Cu(111)NAO OO

challenging. In addition, intermediate species or designed organic Heating
ligands increase the complexity of the surface. In the present study, we at 470K
address the thermal reduction of a copper oxide overlayer grown on _ = =)
Cu(111) in the presence of N-heterocyclic carbene (NHC) ligands by A G A
(2300860

means of scanning tunneling microscopy (STM) and density ; pries
functional theory (DFT). We show that the NHC ligands actively O%%%%%%%%%

participate in the copper oxide reduction, promoting its removal at

00000

temperatures as low as 470 K. The reduction of the oxide was tracked by employing scanning tunneling spectroscopy (STS),
providing a chemical identification of metallic and oxide areas at the nanometric scale.

B INTRODUCTION

The interplay between metallic and oxide phases is key in
many catalytic reactions." This fact is especially important in
reactions involving copper catalysts such as CO, electro-
reduction,” CO oxidation,” or water—gas shift.”> Since the
interaction with intermediate species or added ligands strongly
influences the reaction pathways, it is necessary to understand
how molecular species react with the different copper phases®
and what mechanisms lead to the reduction of the copper
oxide areas. In addition, the design of the ligands for the
modification of the surfaces represents a chance to tune the
catalytic proces.ses.7’8

N-Heterocyclic carbenes (NHCs)” have opened new
avenues in the functionalization of metal surfaces, providing
strong ligand—metal bonds that allow for interesting
applications in various fields.'"””'® The use of NHC species
in heterogeneous catalysis'’ > also includes their attachment
to copper catalysts, for example, in semihydrogenation
processes or in the hydrogen evolution reaction.”**> However,
a fundamental understanding of the interaction of these ligands
with metal surfaces prone to oxidation, like copper, is still
limited.**™*°

The deposition of NHC on copper oxide in solution was
reported by Veinot et al,”’ resulting in the spontaneous
reduction of the oxide layer at room temperature and
subsequent attachment of the ligands on the metallic copper
surface. In this study, copper oxide species were still present
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after the attachment of the NHC ligands. The sample
preparation under ultrahigh vacaum (UHV) conditions allows
for a better control of the surface structure and the chemical
composition than in solution. In an UHYV, it has been reported
that a copper oxide overlayer stays on the Cu(111) surface
even after annealing at 770 K" Other thin film studies
reported the presence of copper oxide at temperatures as high
as 1070 K.***® Herein, we show that the thermal reduction of a
oxidized copper surface under UHV conditions requires
considerably lower temperatures in the presence of a model
NHC (1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene, IPr-
NHC). The removal of the oxide areas is locally investigated
by means of scanning tunneling microscopy (STM) and
scanning tunneling spectroscopy (STS). X-ray photoelectron
spectroscopy (XPS) and density functional theory (DFT)
provide further insight into the reduction process.

B EXPERIMENTAL METHODS

As a precursor for IPr-NHC, we used bench-stable 1,3-bis(2,6-
diisopropylphenyl)-1H-imidazol-3-ium-2-carboxylate (IPr-CO,
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adduct), which is known to generate free IPr-NHC under
heating in an ultrahigh vacuum with only gaseous CO, as a
byproduct. This enables a very clean NHC deposition on the
surface without any further impurities (Scheme 1). For the
synthesis of the IPr-CO, adduct, a modified procedure from

the literature was followed (see the Supporting Informa-
tion).>**3

Scheme 1. Deposition of IPr-NHC on Cu,O/Cu(111)“

/7 \ Heating /7\ substrate /7
in UHV

Dipp’NIN‘Dippj» Dipp~ N~ N=~Dipp— Dipp~NxN~pipp
6 (@] CO,

NHC-CO, free IPr-NHC controlled growth of IPr-NHC
adduct on Cu,O/Cu(111)

“Heating of the IPr-CO, precursor at 340 K under an UHV in a
Knudsen cell leads to a molecular flux of free IPr-NHC. The

adsorption takes place by exposing the surface to the molecular flux.
Dipp: 2,6-diisopropylphenyl.

The Cu(111) surface was prepared by combining sputtering
with Ar* at 1 kV for 30 min and annealing at 950 K for S min
in a UHV chamber with a base pressure of <5X 107" mbar. A
Cu,O layer was grown by exposing the copper substrate at 670
K to an oxygen partial pressure of S X 1077 mbar and
subsequent annealing in an UHV at 720 K. IPr-NHC
molecules were evaporated by resistive heating in a Knudsen
cell at 340 K, leading to a deposition rate of 0.05 monolayers/
min on the bare Cu(111) surface. The molecules were
deposited by keeping the Cu substrate at 310 K. STM images
were taken in constant current mode at S K using a Ptlr tip.
STS data were acquired at 5 K in a constant current mode and
an active feedback loop employing an external lock-in amplifier
with a modulation signal of 80 mV. XPS data were obtained at
room temperature using an Al anode operating at 300 W as the
X-ray source and a Phoibos 100 analyzer.

B COMPUTATIONAL METHODS

All calculations were done with the code VASP.***” The core
electrons were modeled with the Projector Augmented Wave
(PAW) method,** while H(1s), C(2s2p), N(2s,2p), O-
(2s,2p), and Cu(3d,4s) electrons were treated explicitly with a
set of plane waves expanded up to a kinetic energy cutoff of
400 eV. The PBE exchange-correlation functional®® was
adopted, including the long-range dispersion according to
the DFT+D2’ scheme.*"** Structure relaxations were
performed with thresholds of 107 eV and 107 eV/A for
electronic and ionic loops, respectively. The sampling in the
reciprocal space was reduced to the I" point due to the large
dimension of the supercells. The dipole correction was applied
along the nonperiodic direction and an empty layer of at least
15 A thickness was included in every supercell. The Cu lattice
constant was at first relaxed, yielding 3.57 A. The Cu(111)
surface was then simulated by a five-layer slab, where the ionic
coordinates of the three topmost layers were relaxed, while the
ions from the two bottom layers were frozen in their bulk
positions. A cuprite (111) single layer with periodicity
(V7 X 7 R19°) was then added on top of a 7 X 7
Cu(111) supercell (17.67 A x 17.67 A) with a reciprocal
rotation of 11°. Such a coincidence lattice ensures a good
match between the cuprite overlayer and the support as well as
enough space to simulate the adsorption of the ligand in
various configurations (vide infra). This model, albeit
simplified, displays a hexagonal ring motif common to more
sophisticated structures proposed for the Cu,O “29” phase.*’
Its formation energy with respect to its unbound components
(clean Cu(111), pure metallic Cu, and a gas-phase O,
molecule) is —1.8 eV per O atom, a value comparable to
those reported by Therrien et al. for their most stable
structures.”” Adsorption of a single IPr-NHC was then
simulated on this supercell, allowing relaxation of the molecule
as well as the substrate (beside the two bottom Cu layers). The
adsorption energy, D, is defined as the energy of the
molecule/substrate adduct with respect to the energy of its

"29"

f)

3883085

Figure 1. STM images for the differently prepared surfaces acquired at 5 K. (a) Cu(111): 100 nm X 50 nm, V; = 0.5 V, I, = 300 pA; (b) Cu,O
overlayer on Cu(111): 100 nm X 50 nm, V, = 0.8 V, I, = 20 pA; (c) “29” Cu,O structure, 10 nm X 10 nm, V, = —0.2 V, I, = 50 pA; (d) “41” Cu,O
structure, 10 nm X 10 nm, V, = —0.2 V, I, = 50 pA. Unit cells of the oxide structures are marked by red and yellow parallelograms. (e, f) Top and
side view of a Cu,O(111) layer on Cu(111). Unit cell vectors of Cu(111) are indicated (black arrows). In the STM images, white arrows indicate

the high symmetry directions of Cu(111).
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separated components, where negative values imply stable
bonding:

D = E(IPrNHC/CuxO/Cu)
— [E(IPtNHC) + E(Cu,O/Cu)] (1)

B RESULTS AND DISCUSSION

As a starting point, the bare Cu(111) surface was prepared to
check the cleanness and size of the terraces by STM, leading to
images like that in Figure 1a. After the thermal oxidation of the
surface, a thin layer showing row-like structures, characteristic
for Cu,O overlayers, appears (Figure 1b). The rows extend
across regions larger than 300 nm without being distorted by
the steps. This fact may indicate that, at some point after the
thermal oxidation process, copper atoms from the Cu(111)
surface still diffuse underneath the oxide overlayer before
forming the terraces. Two coexisting Cu,O phases can be
distinguished. The most abundant ghase corresponds to the
widely studied “29” Cu,O structure,””**~*> whose unit cell is
marked in the atomically resolved image of Figure lc and

corresponds to a /13 R46.1° X 7 R21.8° superlattice.”
Interestingly, we found an additional phase that extends in
the same direction as the “29” structure and matches the
recently reported “41” structure (Figure 1d).*° The “44”
structure was not observed under the conditions reported in
the present study. These large unit cells can be interpreted as
substructures emerging from a Cu,O(111) layer that are
commensurate with respect to the Cu(111) surface.”’ In
addition, the resulting copper oxide layer is considered to be
two-dimensional.*” The computational modeling in this paper
relies on a simplified model of a nondistorted Cu,O(111) layer
shown in Figure lef, as discussed before.*®

The arrangement of IPr-NHC ligands on the bare Cu(111)
surface results in a hexagonal molecular lattice formin% well-
defined structures, as reported recently by the authors.”® For
example, after the molecules were deposited for 5 min on
Cu(111), molecular islands appear, as shown in Figure 2a. The
deposition of IPr-NHC on the Cu,O layer under the same
evaporation conditions leads to a very different arrangement
(Figure 2b). Instead of forming closed-packed islands, the
molecules are distributed over the whole surface, often
individually attaching on the Cu,O, and arranged in a row
pattern. In addition, the coverage is slightly higher as compared

Figure 2. IPr-NHC on bare Cu(111) and on Cu,0/Cu(111). (a)
Bare Cu(111), 40 nm X 40 nm, V, = 1.5V, I, = 20 pA; (b) Cu, O/
Cu(111), 40 nm X 40 nm, V, = 1.0 V, I, = 80 pA. IPr-NHC deposited
for S min on both substrates under the conditions reported in the
Experimental Methods section. High symmetry directions of Cu(111)
are indicated (white arrows).

to that of the bare surface, which indicates an increase in
reactivity. A higher coverage of IPr-NHC on Cu,0/Cu(111)
(10 min deposition) leads to a clearer row pattern (Figure
3a,b). Interestingly, the distance between rows, ca. 1.7 nm, is
very close to the length of one of the lattice vectors of the
abundant “29”-Cu,O structure. The rest of the molecules,
arranged differently, probably occupy areas of the “41”-Cu,O
structure. The lower degree of order observed in these areas
could be related to the larger unit cell of the “41” phase,*

Figure 3. STM images showing the surface after consecutive
annealing steps. (a) As-prepared IPr-NHC on Cu,O/Cu(111), 100
nm X 124 nm, V, = 1.0V, I, = 20 pA. (b) Magnified STM image from
the black square in (a), 40 nm X SO nm. Green dotted lines indicate
the orientation of the molecular rows. (c) After 470 K annealing, 100
nm X 124 nm, V, = 1.0V, I, = 20 pA. (d) Magnified STM image from
the black square in (c), 40 nm X 50 nm. A (A, and A,) and B (B, and
B,) areas are labeled. The edges between them are marked by a yellow
dotted line. (e) After 520 K annealing, 100 nm X 124 nm, V,=1.0V,
I, = 20 pA. (f) Magnified STM image from the black square in (e), 40
nm X 50 nm. High symmetry directions of Cu(111) marked by white
arrows.
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compared to the “29” structure, which may lead to a weaker
confinement of the molecules. These data suggest a remarkable
influence of the underlying oxide support structure on the
molecular arrangement and thus a strong interaction between
the IPr-NHC ligands and the Cu,O overlayer. Furthermore, in
previous publications, the authors show that IPr-NHC ligands
can bind covalently to the Cu,0/Cu(111) surface.”” The
resulting NHC assemblies are stable at temperatures up to 420
K, as shown in Figure SI.

In order to assess the thermal stability of the surface, we
heated the sample to 470 K for 1 min. This treatment leads to
drastic structural changes (Figure 3c). The structures found in
the as-prepared sample disappear, giving rise to a quite
complex surface. Although some molecules are difficult to
identify, we estimate that 43 + 6% of them desorbed during
the annealing step. Two different areas, marked in Figure 3d,
can be distinguished. One type of area, A, is mostly unoccupied
by the ligands, while the other area, B, seems to be a favorable
region for the adsorption of IPr-NHC molecules. In particular,
the edges of the B areas present a high amount of adsorbed
molecules. Therefore, A and B areas present very different
reactivity. At the tunneling conditions of Figure 3c, the
apparent height for the steps between the A and B regions
reaches a value of ca. 0.1 nm (Figure S2), which is well below
the apparent height for the Cu(111) steps (0.21 nm). On the
other hand, this value for the Cu(111) steps matches the
apparent height between the A areas (for example, A; and A,
regions shown in Figure 3d).

Annealing the surface to 520 K for 1 min results in further
changes. As can be seen in Figure 3e,f, the A and B regions do
not appear anymore, while the terraces exhibit disordered
aggregates with a broad range of apparent heights (Figure S2).
These aggregates are probably remaining species produced
during on-surface reactions taking place between the NHC
ligands and the Cu,O layer during annealing. They form an
extended network across the surface, not allowing the
identification of single IPr-NHC ligands.

Scanning tunneling spectroscopy (STS) can be very useful
for getting chemical information of the surface. In particular,
Cu(111) and Cu,O surfaces exhibit characteristic field
emission resonances (FERs) in the dI/dV spectra at large
positive bias voltages.** We made use of this fact and measured
FERs at different areas of the IPr-NHC/Cu,O/Cu(111)
surface after a 470 K heating treatment performed for 1 min.
Figure 4a shows the two main regions, A and B. dI/dV curves
taken at large bias voltages on both areas show two different
sets of characteristic peaks: A areas present a set of FERs,
which corresponds to Cu(111), while the set of FERs on the B
areas correspond to Cu,0."® In particular, the dI/dV curves in
Figure 4b were taken at the location marked with blue and red
dots in Figure 4a. The identification of the chemical nature of
A (metallic Cu(111)) and B (Cu,0/Cu(111)) regions allows
for the quantification of the relative amount of metallic areas,
which results to be ca. 40% of the surface. Therefore, we can
conclude that the Cu,O species were to a certain extent
reduced during the 470 K annealing step.

The same procedure was applied after the 520 K annealing
step carried out for 1 min. Figure 4c shows the spots where the
dI/dV curves in Figure 4d were taken. In this case, the whole
surface shows the same set of FERs, which corresponds to
Cu(111).** Only a shift in energy is observed on the
disordered aggregates. The first peak at 4.4 eV shifts 300
meV, and the rest of the resonances present a shift of ca. 160

dl/aV (arb. unit)

Cu(111)

Disordered;
Aggregates,

dl/aV (arb. unit)

Sample Voltage (V)

Figure 4. Thermal reduction of the Cu,O overlayer studied by STM
and STS. (a) After 470 K annealing for 1 min. S0 nm X S0 nm, V, =
1.00 V, I, = 20 pA. Inset: Cu(111) (blue), Cu,O (red), and molecules
(green) are highlighted. (b) dI/dV acquired on the blue and red dots
from (a), exhibiting FERs corresponding to Cu(111) (blue) and
Cu,O (red). (c) After 520 K annealing for 1 min. S0 nm X 50 nm, V;
= —1.5V, I, = 120 pA. (d) dI/dV acquired on the blue and green
spots in (c), both exhibiting FERs corresponding to metallic Cu(111).
A shift in energy is observed on the disordered aggregates.

meV. The different physical origin of the first peak is
responsible for the larger energy shift."® No areas showing
FERs related to Cu,O were found on the whole surface,
suggesting that the Cu,O layer is completely reduced after the
520 K annealing treatment.

In order to support the findings obtained by STS, additional
XPS measurements were carried out. In particular, the as-
prepared IPr-NHC/Cu,O/Cu(111) surface was consecutively
heated at different temperatures and characterized by XPS after
each annealing treatment. Figure 5 shows the evolution of the
N 1s, C 1s, and O 1s peaks. Further analysis of the as-prepared
surface was addressed previously by the authors.*” The
intensity of the N 1s peak decreases after heating at 470 K
and is barely recognizable after the 520 K annealing step
(Figure Sa), which may be related to partial desorption of the
IPr-NHC molecules. Interestingly, the intensity of the C 1s
peak decreases after heating at 470 K and remains almost
constant after treatment at higher temperatures (Figure Sb).
Furthermore, a shift in energy of the peak is observed after the
annealing at 520 K. This result may be related to the formation
of the disordered aggregates discussed above and supports the
thermal stability observed in the STM measurements (Figure
S3). The dramatic decrease in intensity of the O s peak after
heating at 470 and 520 K shown in Figure Sc supports the
reduction process of the Cu,O layer discussed in Figure 4.
Thermal treatment at higher temperatures does not lead to
relevant changes of the O 1s spectra, indicating that, similar to
the explanation for the behavior of the C 1s peak, a part of the
oxygen atoms may be incorporated into the aggregates.

As a first attempt to model the decomposition of the oxide
overlayer by means of DFT calculations, we simulated the
creation of an oxygen vacancy in the cuprite overlayer by
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Figure 5. XPS spectra recorded on the as-prepared IPr-NHC/Cu,O/
Cu(111) surface and after successive 1 min-annealing steps (470, 520,
570, and 620 K). (a) N Is spectra, (b) C 1s spectra, and (c) O 1s
spectra. In (b) and (c), a Shirley background has been subtracted.™

removing an O atom from the structure shown in Figure lef
and comparing the thermodynamic stability of the defective
structure with respect to the pristine surface and half an oxygen
molecule. The O removal has a cost of 1.10 eV. This value is
remarkably small compared to what is normally observed for
any bulk oxide but not unusual for metal—supported oxide thin
films where a comparable formation energy (1.3 eV) was
reported for FeO, trilayers supported on Pt(111), for
instance.”’ If one considers the entropic contribution of
oxygen at standard pressure and finite temperature, the free
energy cost is 0.59 eV at T =470 Kand 0.54 eV at T = 520 K.
In the absence of any ligand, the process becomes spontaneous
only at temperatures above 1000 K, in a§reement with the
experiments reported by Kirsch and Ekerdt.”” In this respect, it
is important to remember that similar Cu,O/Cu surfaces like
the one studied in the present work can withstand a thermal
treatment above 700 K in the absence of ligands.”!

At this point, it is possible to carry out a discussion of the
processes taking place in the present study. In the as-prepared
surface, the IPr-NHC ligands bind strongly on the Cu,O
overlayer. After annealing at 470 K for 1 min, the Cu,O layer

gets partially reduced, leading to ca. 40% of metallic Cu(111)
areas. Interestingly, IPr-NHC ligands adsorb preferentially on
the Cu,O islands, specially at the edges, in such a way that the
metallic areas remain empty. The DFT simulations fully
support this evidence, if one looks at the adsorption energy of
IPr-NHC in the structures shown in Figure 6a—c (Table S1).

Cu(111)

XYY Y XY XYY

%

® Cuin Cu0
O Cu(111), surf
© Cu(111), sub
® 0

OXOX
IzO

Figure 6. DFT model structures for IPr-NHC adsorbed on (a)
Cu(111) (side view); (b) Cu,O/Cu(111), cyclic urea (side view); (c)
Cu,O/Cu(111), ballbot (side view); (d) border region of Cu,O/
Cu(111), cyclic urea (top view); (e) oxygen-deficient Cu,O/
Cu(111), cyclic urea (top view, the dashed blue line highlights the
closest Cu atoms in the overlayer). Cu from Cu(111) (gray), Cu from
the Cu,0/Cu(111) overlayer (metallic blue), O (red), C (green), N
(light violet), and H (light pink). Unit cell vectors of Cu(111) are
indicated (black arrows).

On metallic Cu(111) (Figure 6a), D, is as large as —3.68 eV.
On oxidized Cu,O/Cu, various structures were considered
(featuring a ligand bound via the carbene end on all possible
surface species as well as a physisorbed ligand molecule) and
two more stable configurations were identified: in the most
stable one (Figure 6b, D, = —5.01 eV), the NHC ring is bound
to an oxygen of the Cu,O overlayer, while in the other it binds
to a Cu ion (Figure 6¢, D, = —3.85 eV). It is thus clear that, if
enough thermal energy is provided, the IPr-NHC molecules
will diffuse to the oxidized surface regions. In addition to this,
we created a surface model displaying a noncontinuous Cu,O
overlayer (Figure 6d) and placed a molecule bound in a
carbene-to-oxygen mode: the adsorption energy, however, is
—4.90 eV, even slightly smaller compared to the fully oxidized
surface. The thermodynamic stability of the molecules
adsorbed on the oxidized surface or at the edge looks almost
the same, but the edge regions may act as trapping sites when
the molecules migrate from the reduced region to the oxidized
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one during the annealing, which may explain the high
concentration of ligands adsorbed in the border region. After
the 520 K annealing step, no oxide areas were identified by
means of STS, suggesting a full reduction of the Cu,O
overlayer. The disordered aggregates could be related to a
possible reaction of the IPr-NHC ligands with Cu,O at high
temperatures. They are remarkably stable, presenting almost
no changes in STM images up to 570 K (Figure S3), and may
be related to the presence of the C 1s and O 1s signals in XPS
after thermal treatment at higher temperatures.

The temperatures reported in this study for the reduction of
the Cu,O overlayer also represent a remarkable result: they are
much lower than those for the reduction of Cu,O in the
absence of additional agents.””*” The IPr-NHC molecules can
thus be considered as promoters of this process. Although the
full decomposition process has not been simulated, some
further relevant information is provided by DFT calculations.
In particular, starting from the structure reported in Figure 6b,
we simulated the removal of an oxygen atom in proximity to
the adsorbed IPr-NHC molecule, but we obtained the same
cost for the defect creation as in the absence of the ligand. We
thus cannot assess any direct catalytic role of the ligand in the
thermal reduction. However, one should consider that the IPr-
NHC adsorption is strongly exothermic, and the amount of
energy released on the Cu,O support upon adsorption is
considerable as compared to the cost of an oxygen vacancy
creation (1.1 €V). It is also worth noting that the creation of a
vacancy in the proximity of a ligand adsorption site leaves the
surrounding Cu atoms undercoordinated, promoting a
rearrangement where the copper adatoms tend to form clusters
at a reciprocal distance of 2.56 A (blue dashed line in Figure
6e), a value similar to the Cu—Cu equilibrium distance in bulk
copper. The role of the ligands may thus be primarily to break
the local atomic ordering in the Cu,O overlayer, promoting the
segregation of copper.

B CONCLUSIONS

IPr-NHC ligands promote the reduction of an oxidized
Cu(111) surface upon heating at moderate temperatures,
leading to the appearance of metallic areas. The crucial role of
the ligands in this process seems to rely on the displacement of
O atoms, which induces the reaggregation of Cu atoms. The
local chemical identification of metallic and oxide areas was
carried out through the measurements of the FERs by STS.
The reduction of the Cu,O layer is further supported by XPS.
The acquisition of the STS curves in the field emission regime
thus represents a powerful approach to study different
oxidation states appearing in surfaces relevant for heteroge-
neous catalysis at the nanoscopic level. The present study
contributes to a better understanding of reduction mechanisms
taking place during thermal catalytic reactions.
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