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The pseudo-twofold surface of the Al;3Co4 catalyst:
structure, stability, and hydrogen adsorption
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Abstract

A few low order approximants to decagonal quasicrystals have been shown to provide excellent activity and
selectivity for the hydrogenation of alkenes and alkynes. It is the case for the Aly3Co4 compound, for which the
catalytic properties of the pseudo-twofold orientation have been revealed to be among the best. A combination
of surface science studies, including Surface X-Ray Diffraction, and calculations based on Density Functional
Theory, is used here to derive an atomistic model for the pseudo-twofold 0-Ali3Co4 surface, whose faceted and
columnar structure is found very similar to the one of the twofold surface of the d-Al-Ni-Co quasicrystal. Facets
substantially stabilize the system, with energies in the range 1.19-1.31 J/m?, i.e. much smaller than the ones of
the pseudo-tenfold (1.49-1.68 J/m?) and pseudo-twofold (1.66 J/m?) surfaces. Faceting is also a main factor at
the origin of the Al;3Co4 catalytic performances, as illustrated by the comparison of the pseudo-tenfold, pseudo-
twofold and facet potential energy maps for hydrogen adsorption. This work gives insights towards the design
of complex intermetallics catalysts through surface nanostructuration for optimized catalytic performances.

Introduction

Since their discovery,! quasicrystals have raised sub-
stantial interest regarding their unique chemical and
physical properties. Coincident structural long-range
order and absence of translational symmetry lead to
remarkable transport properties,?® which are promis-
ing for several uses, such as, for example, the control
of wave localization for photonic applications.® Even
so, most promising applications rely on their surface-
related properties, like oxidation resistance, high hard-
ness, low coefficient of friction, and more recently cat-
alytic activity.?” All of these properties are ultimately
related to the surface physics and chemistry at the
atomic scale. Therefore, a detailed description of the
surface structures is a prerequisite to understand how
these surfaces interact with their environment.

High symmetry surfaces of quasicrystalline phases
have been thoroughly investigated over the last years.
Fivefold and tenfold surfaces generally present large
flat terraces, corresponding to bulk truncations at spe-
cific atomic planes.® 1! Twofold surfaces were primarily
considered as less stable.'?'* The former conclusion,
drawn from the relative surface stabilities of icosahe-
dral i-AlPdMn, appeared however to be not so clear,
even non valid, for twofold surfaces of quasicrystals with
different structures or/and compositions (i-AgIlnYb,!®
i-AlPdRe, ¢ decagonal d-AINiCo,'” d-AlCuCo'®). In
these studies, relative surface stabilities of different ori-

entations were evaluated through the tendency to form
facets, or through surface atomic densities, derived from
the comparison of possible surface atomic arrangements
with models built by bulk truncations. As far as we
know, no validation has been achieved through precise
surface energy calculations on these systems, due to the
complexity and the non-periodic character of the struc-
tures.

Periodic approximant structures to quasicrystals rep-
resent a very useful approach to deepen our under-
standing of quasicrystalline phases. Because they ex-
hibit atomic arrangements similar to those encountered
in quasicrystals, in large crystal cells, they bridge the
gap between periodic and aperiodic positional order.
They have nicely contributed to unveil the structure and
properties of a few quasicrystalline surfaces, through
density functional theory calculations using periodic
boundary conditions, such as the fivefold surface of
i-AIPdMn %20 or the tenfold surface of d-AlCoNi.?2!
They were crucial for the discovery of templated single-
element quasicrystalline thin film,??23 or to demon-
strate that specific local atomic arrangement, favorable
for selective catalytic properties, naturally appear at
surfaces with pentagonal symmetry. 2426

A few low order approximants to decagonal quasicrys-
tals have been shown to provide excellent activity and
selectivity for alkene and alkyne hydrogenation.2” 30
It is the case for the Al;3TM, compounds (TM =
transition metal), for wich the site isolation has been



identified as an important factor for the catalytic per-
formances towards butadiene hydrogenation.?’ Among
them, the monoclinic m-Al13Fe (010) was revealed as
the most active model catalyst at room temperature,
and the orthorhombic 0-Al;5C04(010) was determined
as the most active one at higher temperature (110
°C), while remaining 100% selective to butenes un-
like Alj3Fes(010). Regardless of temperature, the o-
Al15C04(010) pseudo-twofold surface was found much
more active than the 0-Al;3C04(100) pseudo-tenfold ori-
entation. While the pseudo-tenfold surface has been
extensively studied these last years,3' 3% very few is
known about the 0-Al;3C04(010) peudo-twofold sur-
face structure and properties. On the basis of surface
science techniques, including Surface X-Ray Diffrac-
tion (SXRD), combined with Density Functional The-
ory (DFT) calculations, we derive a model at the
atomic scale for the 0-Al13C04(010) faceted and colum-
nar structure, analogous to the one of the twofold d-
Al-Ni-Co surface. Surface energy calculations iden-
tify the facets as a main factor for the stability of the
Al;3Coy4 pseudo-twofold orientation, while potential en-
ergy maps for hydrogen adsorption suggest their role in
the improved catalytic performances of 0-Al;3C04(010)
towards hydrogenation reactions.

Materials and Methods

Al,3Co04 crystal structures

So far, six phases from the Al;3Co4 family were
reported:36 Z-Al;Co, Y1-Ali3Cos, Y2-Ali3Co4, m-
Al13Co4, 0-Al13C04, and 0’-Al13Co4, with slightly dif-
ferent structures. In this study, we used an orthorhom-
bic crystal (0-Al;3Co4), whose structure belong to the
Pmn2, space group (No. 31, Pearson symbol 0P102)
and whose crystal cell is defined with the following lat-
tice parameters: a, = 8.158 A, b, = 12.342 A, and ¢,
= 14.452 A (102 atoms per cell, Fig. 1(a)).?"38

The 0-Al;3Co4 compound is known to be unstable
at low temperatures, but stabilized at higher temper-
atures by the entropy of Al vacancy hopping and low
frequency vibrational modes.3 Monoclinic m-Al;3Coy
crystallizes in the C2/m space group (No. 12, Pear-
son symbol m(C102) with the lattice parameters: ap,
= 15173 A, b, = 8109 A, ¢, = 12.349 A and
B = 107.84°.40 Because of the relatively close structures
of orthorhombic and monoclinic Al;3Co4, their coexis-
tence is possible and can give rise to defects. Metadis-
locations, due to plastic deformations,*™#* as well as
twins (Fig. S1),%® are frequent in complex intermetal-
lic phases. Twins in Aly3Co4 are generally related to
orthorhombic/monoclinic interfaces. In the following,
ideal structures with full atomic occupations are con-
sidered.

The Al;3Co4 monoclinic and orthorhombic structures
are approximant structures to decagonal d-AINiCo qua-
sicrystals, the 0-[100] and m-[010] directions being iden-
tified as the pseudo-tenfold directions, in 0-Al;3Co4 and

Figure 1: Bulk structure of (a) o0-Al;3Coy4 along the 0-[010]
direction showing the Henley-type clustering (in red and
blue, both clusters are not crystallographically equivalent,
the Al atoms in the center of the clusters do not have the
same Wyckoff position, see section S3 of the supporting in-
formation) as well as the stacking structure of F-type and
P-type atomic planes, (b) m-Al;3Co4 along the m-[001] di-
rection showing the Henley-type clustering (in blue, all the
clusters are crystallographically equivalent, the Al atoms in
the center of the clusters have the same Wyckoff position,
see section S3 of the supporting information), (c¢) 0-Ali3Cos
along the pseudo-tenfold axis (the squashed-hexagonal tile,
obtained by connecting together all Co atoms of the P-type
plane, is highlighted in yellow and green) and (d) m-Ali3Cos
structure along the pseudo-tenfold axis. Unlike 0-Ali3Coq4
all hexagons of the hexagonal tile in the P-type plane have
the same orientation in m-Al;3Co4. The unit cells, Al and
Co atoms are drawn in black, light blue and dark blue, re-
spectively.



m-Al13Coy, respectively. Their bulk structures are de-
scribed as a pile of two types of planes, perpendicular to
the pseudo-tenfold axis, labeled alternatively flat-type
(F-type) and puckered-type (P-type) planes (Fig. 1(a)).
The stacking sequence is FoPg.25F.5P¢.75 and the inter-
layer distance is approximately 2 A. On the other hand,
the approximant structure can be understood as a stack-
ing of Henley-type clusters (in red and blue in Fig. 1(a—
b)) where the F-type planes intercept the clusters in
their meridian plane. The linear molecular group Co-—
Al-Co, parallel to the pseudo-tenfold axis, is character-
ized by quite strong and covalent-like bonds. 24647 The
orthorhombic and monoclinic phases differ in the rela-
tive cluster arrangements. It is highlighted in Fig. 1(c—
d) by the hexagonal-like tilings obtained by connecting
together the Co atoms located in the P-type plane. In
the monoclinic phase, all the hexagonal tiles point to-
wards the same direction whereas they change orien-
tation every other hexagon in the orthorhombic phase
(Figs. 1(c) and 1(d)).

Experimental methods

We used an orthorhombic 0-Alij3Co4 single crystal,
grown from an aluminum rich solution using the
Czochralski process. The ingot was oriented using back
scattered x-ray Laue diffraction and cut perpendicular
to the 0-[010] direction. The sample was then polished
using diamond paste down to 0.25 pm, as in our previ-
ous studies. 30:34

The sample was prepared in situ under ultra-high
vacuum (UHV) conditions by cycles of Ar™ sputter-
ing (1.5 kV for 30 minutes) followed by annealing be-
tween 873 K and 1073 K for 1 hour. The surface tem-
perature has always been controlled using an infrared
pyrometer (surface emissivity set to 0.3). The surface
composition and cleanliness was ascertained using X-
ray Photoelectron Spectroscopy (XPS, before Scanning
Tunneling Microscopy (STM) analyses) or Auger Elec-
tron Spectroscopy (AES, before SXRD experiments).
Low Energy Electron Diffraction (LEED) patterns were
recorded from 1 eV to 300 eV to check the surface orien-
tation and the surface preparation under UHV. Atomic
Force Microscopy (AFM) analyses were achieved at
room conditions (pressure and temperature) with a
Nano-I AFM from Pacific Nanotechnology Inc. used in
close contact mode with a Si tip.

Surface diffraction measurements were performed at
the Surfaces and Interfaces X-ray Scattering (SixS)
beamline at Synchrotron SOLEIL. In SixS setup, the
UHV preparation chamber (LEED, AES) is coupled
with a UHV measurement chamber. The latter is
mounted on a Z-axis diffractometer.*®4? Thanks to
this setup, the transfer of the sample into the diffrac-
tion chamber is done without any surface deterioration.
SXRD measurements were carried out at an energy of
18.41 keV and an incident angle of u = 0.3°. A 2D
hybrid pixel detector (XPAD S140) was used to collect
the scattered intensities®® and BINoculars program to

process the whole data set.?!

AVE and ROD softwares (from the ANAROD
suite®?) were used to analyze the processed data gen-
erated by BINoculars. Several crystal truncation rods
(CTRs) were extracted. Structure factors of CTRs
were simulated from DFT-relaxed surface models. The
adequacy of the simulated CTRs intensities with the
experimental data is quantified by the x? factor :

1
X2 B Ndata - Np Z

where Ngqi, is the number of data points, Ies, (resp.
I,y) the experimental intensity (resp. simulated inten-
sity), N, the number of refined parameters and o the
estimated error bar. In our case, only the scale factor
is refined (N, = 1). Miller indices will further be re-
ferred to H, K and L (surface unit cell, orthorhombic
structure).
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Computational methods

DFT calculations were performed using the Vienna ab
initio simulation package (VASP).%® We applied the
spin polarized projector-augmented wave method,®4>?
to describe the interactions between the valence elec-
trons and the ionic core. We used the DFT-D3 approx-
imation,®%5” because van der Waals forces are present
at metallic surfaces, and they non negligibly affect the
surface energies.”® We considered atomic valences to
be 3s23p! (Al) and 3d%4s' (Co). Total energies were
minimized until the energy differences were less than
1075 eV between two electronic cycles. Atomic struc-
tures — plotted using the VESTA software®® — were re-
laxed until the Hellmann-Feynman forces were as low
as 0.02 eéV/A. Calculations were performed using a 450
eV cut-off energy (E.y;) and I-centered 13x9x7 and
7x13x1 Monkhorst-Pack grids for bulk and surface cal-
culations, respectively. Those parameters were chosen
to achieve a precision for the total energy lower than
0.1 meV /atom. They result in cohesive energies for fec
Al (EAL = -3.67 eV/at.) and hcp Co (ESS, = —5.50
eV/at) in good agreement with the experimental data
(EAL = -3.39 eV/at. and ESS = -5.44 eV /at.). This
is the same for the formation enthalpy of orthorhom-
bic 0-Al;3Coy (AH}M”CO“ = —0.412 eV /at (calc) and
AH}“BC04 = —0.41 eV/at (exp)%?).  Relaxed bulk
structures are detailed in section S3 of the support-
ing information. STM images were simulated using the
Tersoff-Hamann approximation. 6!

The approach used to compute surface energies in this
work is the typical symmetric slab model, 5253 already
used in our previous studies, 3*%* wherein a supercell of
the crystal oriented to expose its (hkf) surface is gen-
erated, and atoms are removed from a portion of the
supercell to create a vacuum (16 to 24 A thick symmet-
ric slabs, void thickness ~ 16 A). This set-up for sur-
face modeling leads to surface energies converged within
less than 2.0 mJ/m?. In most cases, the stoichiometries



of our surface models are different from the bulk one.
Surface energies are then determined as a function of
the chemical potentials (pa1, f1co) and number of atoms
(NA17 NCO) in the slab:6°
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In the previous equation, the numerator can be under-
stood as the difference between the total energy of the
slab and the energy of the corresponding “bulk” with
the same stoichiometry. The Al and Co chemical poten-
tials in fce Al and hep Co (u%8HF and pli* | respectively)
are taken as the cohesive energies calculated at T = 0
K.% In the case of 0-Al;3Co4, the Al and Co chemical

potentials are given by the Gibbs phase rule :

1o R oo 13 pa1 +4 pico
= 13 R+ 4 gt A AeCo
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Because the surface is considered to be in equilib-

rium with the underlying o0-Al;3Coy4 bulk, they are con-

strained in a range, that is %AH?IHC(“ < ,uAl—u%lk <

0. Formation energies of orthorhombic/monoclinic and

monoclinic/monoclinic interfaces have been calculated
as well, using :

j supercell j
Bl = B! — By — Ejyy (4)

int

where E:;‘t/ ', ER, and E},, are the total energies of the
supercell (Fig. Sl(a-b)), the monoclinic cell and the
i-type cell (i € {0, m}), respectively.

The adsorption properties of the different surface
structures considered in this work have been computed
through potential energy maps. The adsorption has
been computed on specific points of regular grids cover-
ing the surfaces. For each specific point, all degrees of
freedom of the uppermost layers and the z coordinate
of the adsorbed hydrogen atom have been allowed to
relax during the geometry optimizations, whereas the
x and y adsorbate coordinates have been frozen. The
adsorption energy (AFE,qs) on the considered Aly3Coq
surfaces is defined as follows :

AE.qs = E(H/slab) — E(slab) — %E(Hg) (5)

where E(H/slab), E(slab) and E(Hs) are the total elec-
tronic energy of the adsorbed system, the bare support
surface and the gas phase Hy molecule, respectively. For
each surface, a potential energy map is built by an inter-
polation over the series of adsorption energies calculated
for each point of the grid.

Results and discussions

LEED - AFM - STM analyses

According to LEED measurements, a (1x1) surface
structure is mainly observed (Fig. 2(a), Fig. S6a). Dif-

fuse scattering resembling a (2x1) and a (3x1) surface
reconstructions is also visible beside the (1x1) surface
structure. When scanning the energy range 1-300 eV,
secondary peaks appear and move away from the cen-
ter in between the main diffraction spots. They are
attributed to the presence of facets at the surface. Con-
tinuous intensity can also be seen in between the main
diffraction spots. This signal could be linked to line
or planar defects such as metadislocations or interfaces
close to the surface.

According to AFM, a columnar structure appears
along the o0-[100] direction as shown in Fig. 2(b)
(Fig. S6b). This feature is similar to that observed
at the (12110) and (10000) two-fold d-Al-Ni-Co qua-
sicrystalline surfaces,'” revealing faceting at the o-
Al15C04(010) surface. According to STM, terraces ex-
tend over a few hundreds of nanometers, separated by a
single-step height equal to 6.1+£0.2 A, i.e. corresponding
to half of the lattice parameter (b,/2 = 6.17 A). High-
resolution images (Fig. 2(c), Fig. S6c) show a mixture
of three different surface reconstruction motifs, in agree-
ment with the LEED pattern, randomly distributed on
the sample surface : (1x1), (2x1) and (3x1). These
reconstructions may be due to local vacancies stabiliza-
tion. For the (1x1) surface structure, a triangular motif
is observed.

SXRD analysis

A large part of the reciprocal space was completely
measured during the SXRD experiment: |Hpyax| = 9.5,
|Kmax| = 5.5 and Lyax= 4.8. The 0-(010) surface ori-
entation is confirmed by the in-plane reciprocal space
map of 0-Al;3Co, (Fig. 3(a)). A total of 34 inequiva-
lent CTRs were extracted from the measured reciprocal
space region and further compared to DFT-based simu-
lations using different surface structure models (see sec-
tion page 6). Fig. 3(b) presents two out-of-plane (H,L)
reciprocal space maps of 0-Al13C04(010) at K = 2 and K
= 3. The facets’ signal is clearly visible in the map at K
= 2 the facets’ rods make an angle of 54.2° with the di-
rection normal to the surface (indicated with green and
red arrows in Fig. 3(b)). The facet’s rods do no inter-
cept each other at the Bragg peaks of the orthorhombic
structure (labeled with black circles), meaning that the
facets do not present the 0-Al;3Coy4 structure. Facets
are therefore related to the m-Al;3Co4 structure. Two
types of twins are considered, the positions of their re-
spective diffraction peaks are plotted in red and green
circles (Fig. 3(b)). The facets’ rods intercept the m-
(221) diffraction peaks. The facets are therefore con-
sistent with a m-(201) orientation. Their signal is less
clearly visible on the maps at an odd value of K but is
still present. These conclusions are consistent with the
fairly continuous intensity measured in between Bragg
peaks along the H direction for integer values of K and
L (similar observation as in LEED measurements, Figs.
2,3). This kind of signal can be produced by planar
defects such as interfaces between two phases. It is
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(b) AFM image (c) STM image
Figure 2: (a) LEED pattern measured at 30 eV. Diffuse
scattering resembling a (2x1) and a (3x1) surface recon-
structions are shown in yellow and red arrows, respectively.
(b) AFM image of 0-Al;3C04(010) (15x15 pum?) showing a
columnar and faceted structure. (c) STM image of a flat
terrace at the 0-Al;3C04(010) surface (15x15 nm?) at Vy
= 0.6 V. The (1x1), (2x1) and (3x1) cells are drawn in
green, yellow and red, respectively. A triangular motif is
highlighted in white.

reasonable to assume these planar defects to be mon-
oclinic/orthorhombic interfaces.
The formation of monoclinic/orthorhombic interfaces

is calculated to be exothermic (E:;lt/o =4 mJ/m?).
Thus, they stabilize the structure, which may explain
why they are naturally and profusely present in the
bulk compound. For comparison, the formation en-

ergy of monoclinic/monoclinic interfaces is endothermic
(E™/™ = 50 mJ /m?).

Additional information can be extracted from SXRD.
Intensity is observed in between integer values of K (in-
dicated by a yellow rectangle in Fig. 3(a) for K = 3.5).
Complementary SXRD analysis suggests that this signal
arises from a bulk defect and not from the surface itself.
Other distinct features can be seen in the map (H,L) for
K = 2 and a few examples of them are framed in orange
in Fig. 3(b). They are neither part of the orthorhombic
nor of the monoclinic (facets) lattices. Some comple-
mentary simulations of the reciprocal space — Fourier
transform of a model atomic structure — suggest that
they may be generated by metadislocations close to the
surface (section S1, Figs. S2-S3 of the supporting infor-
mation).

To summarize, the SXRD analysis led to a macro-

scopic surface structure model for of 0-Al;3Co04(010). It
consists in a coexistence of orthorhombic (flat terraces)
and monoclinic (facets) structures at the surface sepa-
rated by monoclinic/orthorhombic interfaces, as well as
the possible presence of metadislocations close to the
surface (Fig. 4).

Surface energy calculations
O-A113CO4(010)

Bulk 0-Al;3C04 cannot be described as a stacking of
well-separated atomic layers along the 0-[010] direction
(Fig. 5(a)). Our strategy to build surface models was
then the following: first, eight bulk truncated models —
almost regularly spaced along [010] — were considered
(labeled Oy to Os.7, depending on the distance in A to
the center of the cell, e.g. 0.6 A), before we refine the
most stable models identified in the first step. Varia-
tions of models Ogg and O;2 (named Of 4 and Of ,)
were then considered. Thus, a total of 17 models were
investigated . Their surface atomic structures are drawn
in Fig. 5(b). Because of the symmetry (glide mirror)
along 0-[010], only half of a unit cell was investigated.

The surface energies of the considered models are
summarized in Fig. 6. Less stable models, i.e. O3,
and Og g, with the largest surface energies (between 2.2
and 2.38 J/m?), as well as Oi,, 0?,, O}, and O,
with surface energies ranging from 1.86 to 2.24 J/m?,
present low atomic density terminations combined with
the presence of isolated Co. The surface energies for
models with higher surface atomic density (Og6, O} 4,
O1.9, Oy and Os.7) are smaller: they range from 1.72
to 2.02 J/m?. Several models keep intact at their sur-
face the strong covalent-like Co—Al-Co linear molecular
groups : Og, O} 4, Od 4, O1.2, O1 5, and O?%,. They are
found to be amongst the 8 most stable surface models
for the whole range of allowed chemical potentials. The
surface energy of the most stable model (Og) is quite
lower than the other considered models. It does not de-
pend on the chemical potentials (1.66 J/m?), since the
stoichiometry of the slab used for the calculation is the
one of the bulk crystal. It is described as a flat termina-
tion consisting of rows of protruding triangular motifs
made of aluminum atoms separated by a 6.5 A gap,
while maintaining intact the strongly bound Co-Al-Co
molecular group at the surface.

m-A113 CO4 (501)

Experimental SXRD measurements identified facets as
m-Al;3Co4(201). As previously, 17 bulk truncated mod-
els — Fig. 7(a) — were built, by progressively removing
atoms at the surface (labeled My to M7o with a step
of 0.45 A, depending on the distance in A to the cen-
ter of the cell, e.g. 7.2 A). Due to the symmetry of the
monoclinic lattice, only half of the cell was considered.
Models My to M; 35 are Al-rich surface models with a
progressively increasing surface atomic density. Models
Mg to M3 15, as well as models Mg 75 and M7 have



Figure 3: (a) In-plane (H,K) reciprocal space map of 0-Al;3Cos. The diffraction spots of the orthorhombic phase are indexed
with black circles. The region presented in Fig. S2 is drawn in red. (b) Out-of-plane (H,L) — for K = 2 and K = 3 respectively
— reciprocal space maps of 0-Al;3Co4. The position of the monoclinic diffraction spots are represented in green and red circles
(two different twins). Facets appear to present the m-(201) orientation. Blank regions are areas where the signal was too

intense to be collected (too close to Bragg peaks).
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Figure 4: Schematic of the suggested surface model based on
the experimental observations. Orthorhombic flat terraces
and monoclinic facets coexist in this model and are drawn
in black and red/green (two different twins), respectively.
Monoclinic/orthorhombic interfaces are represented in blue.
Metadislocations are displayed in orange.

dense Co-rich terminations, while models M3 g to Mg 3
are less dense with a few Co atoms in the surface plane.
The strong Co-Al-Co covalent-like bond is kept intact
at the surface in models Ms 7, M3 15, M4.95 M5 4, M5 g5.

Surface energy calculations are summarized in Fig. 8.
M; g presents the highest surface energy (ranging from
1.91 to 2.39 J/m?) due to a low atomic surface density
combined with a Co-rich composition. In the Co-rich
limit, the model M3 15, which has a dense termination
plane (highest surface atomic density 0.19 at/A?) and
keeps intact the strong Co—Al-Co covalent-like bond at
the surface, clearly presents the lowest surface energy
(1.19 J/m?). In the Al-rich limit, four models present
rather low surface energies: models M5 g5, M3.15, M 35

and Mg 9. The most stable ones are the Al-rich models
(M; 35 and Myg), with a similar surface energy (1.25
J/m?). The M3 5 surface model is the most stable one
over the longest range of Al chemical potentials and
therefore will be considered for further investigations.

Detailed surface model for the pseudo-
twofold surface of 0-Al;3Co,4

As presented in Fig. 4, the twofold surface of Al;3Coy
consist in terraces of 0-Alj3C04(010) and facets,
identified as m-Al;3C04(201). Focusing on the o-
Al13C04(010) surface, the Og model (Fig. S7) has
been identified as a stable surface model with a rather
low surface energy (1.66 J/m?). To complete the ther-
modynamic approach, STM images (Fig. 9) and SXRD
rods (Fig. 10, Tab. 1) are simulated using stable surface
models.

Theoretical STM images are compared to both the ex-
perimental measurements and their filtered (2D FFT)
counterparts. On the 2D FF'T filtered image, rows of tri-
angular motifs separated by a 0.65 nm gap are observed.
Only five models reproduce relatively well this feature

O, O34, Ob 4, O3, and OF,, because the atomic
arrangement at the surface include a triplet made of ei-
ther Als or CoAls atomic ensembles. In most cases — the
0o, O3 ¢ and Of ¢ are good examples — the bright/dark
protrusions are due to atoms slightly above/below the
mean position of the termination plane. So far, the STM
image simulated using the Og or O} 5 models show the
best agreement with the experimental one.



Figure 5: (a) Bulk truncation models that were considered. (b) Surface structure models Og to Os.7. Unit cells, Al and Co

atoms are drawn in black, light blue and dark blue, respectively.
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The structure factors of the 34 inequivalent CTRs ex-
tracted from the X-ray diffraction measurements were
simulated using the DFT-relaxed surface models. Four
models were tested (Og, Ogs, O} ¢ and OF ,) based on
the surface energy calculations and the STM image sim-
ulations. As shown in Tab. 1, Oq is overall the best
fitting surface model having the lowest x? and R-factor
values (Fig. 10) and reproduce quite well a lot of ob-
served features. This model consists in a flat termina-
tion with rows along the [100] (pseudo-tenfold) direc-
tion, made of protruding triangular motifs of aluminum
atoms separated by a 6.5 A gap. The strong anisotropy
in the surface plane may reflect the one observed on
twofold surfaces of decagonal quasicrystals, spanned by
perpendicular periodic and aperiodic axes. Focusing on
the facets, the M3 15 surface model (Fig. S8) is the most
stable one over the longest range of Al chemical poten-
tials. A deep pseudo-gap at the Fermi energy is also
identified in the corresponding density of states, which
shows similar features to that of the Oy model.

Table 1: X-ray diffraction results — ROD analysis.

Surface Model ~ Ogq Ops Odg 01,
Scale factor 0.0197 0.0199 0.0198 0.0189
x? 6.107 6.137  7.145  7.269

Now that the structure of the pseudo-twofold surface
is known, it is of interest to compare its stability to the
one of the pseudo-tenfold surface. Without regarding
the facets, the relative stabilities of the pseudo-twofold
(Op model) and pseudo-tenfold surfaces rely on the Al
chemical potential (Fig. 11). Two surface models are
available for the pseudo-tenfold surface: a dense Al-
rich flat plane, identified by a combination of surface
science studies and DFT calculations (Pa4),%? 3% and
a highly corrugated model, keeping intact the Henley-
type clusters at the surface (P14),243%46 build by a
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Figure 7: (a) Bulk (monoclinic structure) truncation models considered in this work. (b) Surface structures of models Mo
and M7.2. Unit cells, Al and Co atoms are drawn in black, light blue and dark blue, respectively.
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Figure 8: Surface energies of 17 surface models for m-

Al13C04(201) as a function of pa; — pbi®.

theoretical cleavage (Figs. S4-S5). In the Al-rich re-
gion (0 > pa — pb4* > —0.16 eV), the pseudo-tenfold
surface (P24 model) is more stable than the pseudo-
twofold one (Op model). The situation is quite different
in the Co-rich region, (%AHf < pa — pPEk < —0.16
eV), where the surface energies of the pseudo-twofold
(Op model) and pseudo-tenfold (P14 model) surfaces
are very close, thus suggesting a similar stabilization.
The surface energy anisotropy, without regarding the
facets, is smaller than that of fcc Al and hep Co (0.81

Aly3Coy
< Jowoteld < 1.11).56:67 Focusing on the facets (Mg 15

Tatia
modtelg,ldthey turn up to be the most stable in the full
range of allowed chemical potentials, with surface ener-
gies ranging from 1.19 J/m? (Co-rich potentials) to 1.31
J/m? (Al-rich potentials). Thus, they substantially con-
tribute to stabilize the pseudo-twofold orientation over

the pseudo-tenfold one.
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Figure 9: STM image simulations (models Og, Og.6, O1.2
and Os.7) and comparison to experimental images (Vi =
0.6 V, 4.3x2.45 nm? area (3x3 surface cells)).
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Figure 10: Example of six extracted CTRs of 0-Al13C04(010) and their related DFT-based ROD simulation.
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Figure 11: Comparison of 0-Al;3C04(100) (models Pas
and Pi4), 0-Al13C04(010) (model Op) and m-Al13C04(201)
(model M3.15) surface energies as a function of pa; — ,ui,“llk.

Potential energy maps for hydrogen ad-
sorption

The gas-phase butadiene hydrogenation performances
of the pseudo-twofold and pseudo-tenfold o0-Al;3Co4
surfaces have been recently compared.3? The pseudo-
twofold orientation is found to be the most active at
110°C, and even more selective to butene (100%) than
previously investigated Al;zFey(010).28:29

Weak hydrogen binding and easy Hs dissociation are
key descriptors in hydrogenation catalysis. A small
dissociation barrier (0.18 €V) has already been deter-
mined on 0-Al;3C04(100) (P14 model).?* Tt is smaller
than the one calculated on the Poy model for o-
Al;3C04(100) (0.59 eV).%8 On the 0-Al;13Co04(010) and
m-Al;3C04(201) surfaces, a spontaneous dissociation of
Hs occurs on top of surface Co atoms. We then fo-
cus on the atomic hydrogen adsorption properties of
the different Aly3Co4 surfaces, an overview of which is
obtained through potential energy surfaces (Fig. 12).
The adsorption has been computed on specific points of
regular grids covering the surfaces, using point densi-
ties of 1.0 pts.A =2, 2.3 pts.A=2 and 1.6 pts.A—2, for the
O-AA].1;>,CO4(010)7 0-A113004(100) and m-A113004(§01),
respectively.

The energy landscape is quite contrasted on the dif-
ferent terminations considered here. Focusing on the
pseudo-tenfold orientation — for which two surface mod-
els have been identified — the reaction conditions may in-
deed modify the Al-rich and relatively flat surface struc-
ture observed under ultra-high vacuum (Pa4 model),
in the form of highly cohesive clusters emerging from
the bulk lattice (P14 model),3® to give rise to a nanos-
tructured surface demonstrated to be more active. 2435
Hydrogen is calculated to be quite weakly bound on
the Pyy model (Eqqs > —0.23 V), the most stable sites
being located on Al-Al bridges above a subsurface Co
atom, and slightly more strongly adsorbed on the P4



model (E,4s > —0.58 V), the more stable sites being
located on top of the Al "glue” atoms that connects the
bipentagonal Al motif, or in the vicinity of protruding
Co atoms. On both surface models, favorable hydrogen
adsorption sites remain poorly connected.

The picture is slightly different on the pseudo-twofold
surface. Atomic hydrogen is found to be strongly bound
to the surface, either on top of Al atoms located above
subsurface Co atoms (Og model, E, 45 > —0.59 €V) or on
top of Co atoms (Mjz.15 model, Fy4s > —0.53 €V). This
suggests that hydrogen dissociation is likely on this sur-
face. Additional favorable adsorption sites are found
on top or in the vicinity of surface Co atoms, but with
weaker adsorption energies, i.e. likely active for hydro-
genation steps. All these sites are well connected to
one another and it is reasonable to assume that the dif-
fusion of hydrogen atoms on this surface is facilitated.
Thus, the comparison of the hydrogen adsorption po-
tential energy maps gives helpful insights to understand
the better catalytic performances of the pseudo-twofold
surface compared to the pseudo-tenfold one.

Conclusion

The structure, stability and hydrogen adsorption prop-
erties of the Al;3Co4 pseudo-twofold surface have been
investigated by a combination of experimental (LEED,
AFM, STM and SXRD) and theoretical (DFT calcu-
lations) techniques. A highly faceted surface morphol-
ogy, has been identified, similar to that of the d-Al-
Ni-Co (12110) and (10000) twofold quasicrystalline sur-
faces. Our surface model consists in a coexistence of
both flat terraces (0-Alj3C04(010)), made of rows of
triangular Als motifs separated by a 0.65 nm gap, and
facets (m-Al;3C04(201)), with a fairly denser and Co-
enriched atomic surface structure. The strong Co—Al-
Co covalent-like molecular group identified in the bulk
is kept intact at the surface in both terraces and facets.

The pseudo-twofold Al 3Co4 surface is calculated to
be less stable than the pseudo-tenfold surface in the Al-
rich limit (1.66 J/m? vs 1.49 J/m? for ua = puf4t%),
while both orientations present similar surface energies
in the Al-rich region (1.66-1.68 J/m?). Without regard-
ing the facets, the surface energy anisotropy le srcnaller
than that of fec Al and hep Co (0.81 < Zgpsimd <
tenfold
1.11).96:57 Facets substantially stabilize the pseudo-
twofold surface orientation. Their surface energies are
indeed calculated to be much lower than the previous
ones ([1.19 J/m? : 1.31 J/m?]).

Based on our surface model for the pseudo-twofold
surface structure, potential energy maps for atomic hy-
drogen adsorption have been built. They show a wide
diversity of favorable atomic hydrogen adsorption sites,
some of them being quite strongly bound to the surface
(-0.60 < E,q5(H) < —0.50 eV), thus likely promoting Hy
dissociation, while others interact more weakly with the
surface, and are possibly more active for hydrogenation

10
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Figure 12: Adsorption energy maps of monoatomic hydrogen
on (a) 0-Al13C04(010) model Og, (b) 0-Ali13C04(100) model
P24, (C) O-A113CO4(100) model P14 and (d) m—A113C04(§01)
model M3,15.



steps. As already predicted for the pseudo-tenfold ori-
entation, 3® reaction conditions may modify the faceted
structure of the pseudo-twofold surface identified un-
der ultra-high vacuum conditions. Further experimen-
tal and theoretical works — under catalytic conditions —
are therefore needed to fully understand the mechanism
behind the catalytic properties of 0-Al;3C04(010).
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S1 — Twins and metadislocations in Al;3Co4

Two main defects are experimentally observed in Al;3Co4. First, twins are generally quite frequent, and
orthorhombic/monoclinic interfaces are naturally present in the bulk material! (Fig. S1). Another recurrent
defects in complex intermetallic compounds are metadislocations, and appear due to plastic deformations?*
: they are line defects with a Burger vector corresponding to a 7~ "-fraction of a lattice constant, with 7
the golden ratio defined by 7 = % and n € N*. They are related to dislocations, generally affected
by phasons, and associated with a region of phase modification, by which the irrational Burgers vector is
accommodated in the crystal lattice.?

Complementary (and so far unpublished) SXRD analysis on another surface orientation — 0-Al;3C04(001),
using a single crystal also grown by the Czochralski process, shows a similar diffuse scattering in between
integer values of H. Fig. S2 displays the same reciprocal space area (yellow rectangle in Fig. 4(a) of the main
document) for (a) 0-Al;13C04(010) and (b) 0-Al;13C04(001). This section is a plane along the [100] direction
at Q = 2.7 A™'. The fact that the diffuse scattering is almost identical in both cases suggests that this

signal mainly comes from the bulk material and not from the surface.

[010], [001 ]
(a) (b)

Figure S1: Structure models of (a) orthorhombic/monoclinic and (b) monoclinic/monoclinic interfaces. Henley
clusters are represented with blue and red pentagons; following the same color code as in Fig. 1 of the main
document. The orthorhombic and monoclinic cells are drawn in black. The DFT calculation boxes are displayed
using dotted black lines.
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Figure S2: Portion of out-of-plane reciprocal space map along [100] at Q = 2.7 A7 for (a) 0-Al13C04(010) and (b)
for 0-Ali13C04(001). These two area of the reciprocal space are the same for 0-Al;13C04(010) and 0-Al13C04(001).

The features that are displayed in orange in Fig. 4(b) of the main document can be generated by defects
such as dislocations. A simulation of the Fourier transform of a Al;3Co4 metadislocation is done to evaluate
this hypothesis. The atomic structure that was used is based on the dislocation model of Heidelmann et al.?
and is displayed in Fig. S3(c). The Fourier transform of such defect is shown in Fig. S3(b) and compared to
the experimental measurements Fig. S3(a). This kind of diffraction peaks and diffuse scattering might also

be generated by periodically stacked phason planes (related to metadislocations).
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Figure S3: (a) (H,L) out-of-plane reciprocal space maps at K = 3 of 0-Ali13C04(010). (b) Simulated out-of-plane maps
at K = 3 : FT simulation of a 23x23x1 orthorhombic cell with a core dislocation in the center of the cell. Features
that do not come from the orthorhombic structure are highlighted in red for both figures (a) and (b). Similarities
between the measurements and the simulation are observed. (c¢) Atomic structure of the FT 23x23x1 simulation box
: Al and Co atoms are drawn in light blue and dark blue, respectively; the metadislocation core is circled in red.
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S2 — 0-Al;3C04(100) surface models

Surface Al and Co atoms are drawn in blue and red,

respectively. Subsurface Al and Co atoms are drawn in light blue and orange, respectively.

Figure S4: Surface structure of model Poy (flat surface).
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Figure S5: Surface structure of model P14 (nanostructured surface)). Surface Al and Co atoms are drawn in blue

and red, respectively. Subsurface Al and Co atoms are drawn in light blue and orange, respectively.
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S3 — Relaxed Al;3Co04 bulk structures

The crystallographic information (equivalent positions and Wyckoff numbers for monoclinic and orthorhom-
bic structures relaxed by DFT) are presented in the following tables. The Al atoms that are present in the

center of the Henley clusters are Al15 for m-Al;3Co04,% Al16 and Al17 for 0-Al;3Coy.7

m-Al13Coy(Spage group C2/m, group number 12)6

Lattice parameters

a b c alpha beta gamma
15.18300 | 8.12200  12.34000  90.0000 | 107.9000 90.0000
Structure parameters (x,y,z, Wyckoff number and symmetry)
Alll 0.13671  0.21951  0.52149 8j 1
Al10 0.17829  0.27988  0.33435 8j 1
Al7 0.18555 0.28240 0.11092 8j 1
Cob 0.31973  0.20658  0.27779 8j 1
All13 0.36793  0.28805  0.10985 8j 1
All4 0.49182  0.26717  0.32987 8j 1
Al4 0.02071  0.00000  0.17091 4 m
Co4 0.09742  0.00000  0.01426 4i m
Co2 0.09808  0.00000  0.37654 4i m
All5 0.17695 0.00000 0.71842 4i m
All12 0.19447  0.00000  0.22725 4i m
Al3 0.25909  0.00000  0.03874 4i m
Al5 0.26256  0.00000  0.46521 4i m
Co3 0.40945  0.00000  0.01148 4i m
Al6 0.41360  0.00000  0.21180 4i m
Al2 0.42642  0.00000  0.41972 4i m
All 0.56605  0.00000  0.17393 4i m
Col 0.58547  0.00000  0.38244 4i m
Al9 0.00000  0.24950  0.00000 4g 2

Al8 0.00000  0.00000  0.50000 2c 2/m




0-Al;13Co4(Spage group Pmn2;, group number 31)7

a
8.15800

Lattice parameters
b c alpha
12.34200 14.45200  90.0000

beta

gamma

90.0000  90.0000

Structure parameters (x,y,z, Wyckoff number and symmetry)

Al25
Co4
All6
All4
Al17
Al6
Co9
Al22
Al4
Al24
All9
Co3
Al7
Al3
Co2
Col
All8
Cob
All5
Al9
Co7
Al26
Al21
All3
Al10
Al20
All
Al2
Al5
Co8
Alll
Al27
Al12
Cob
Al28
Col0
Al8
Al23

0.22440  0.29460 0.73520
0.00000  0.77200 0.31670
0.00000 0.10470 0.23800
0.00000  0.59860 0.21490
0.00000 0.41790 0.58810
0.00000  0.81130 0.15640
0.22570  0.90990 0.73460
0.22510  0.98100 0.09350
0.00000  0.90850 0.44310
0.22590  0.58850 0.54220
0.21380  0.90200 0.28310
0.00000  0.19770 0.82500
0.00000  0.80920 0.83600
0.00000  0.90530 0.62260
0.00000  0.09010 0.51140
0.00000  0.89780 0.00000
0.21350  0.21380 0.09960
0.00000  0.59860 0.82480
0.00000  0.71110 0.96680
0.00000  0.40700 0.85200
0.00000  0.73090 0.51800
0.22910  0.42200 0.42520
0.25340  0.25500 0.91720
0.00000  0.52710 0.00540
0.00000  0.40100 0.14910
0.24010  0.08290 0.40880
0.00000  0.99450 0.81510
0.00000  0.09140 0.95690
0.00000  0.13940 0.67280
0.00000  0.28770 0.00760
0.00000  0.68370 0.67490
0.21330  0.51740 0.73380
0.00000  0.59000 0.39600
0.00000  0.41190 0.31370
0.23190  0.27630 0.28490
0.21810  0.59690 0.09840
0.00000  0.25200 0.41400
0.22140  0.22290 0.55000

4b
2a
2a
2a,
2a
2a
4b
4b
2a,
4b
4b
2a
2a
2a
2a
2a
4b
2a
2a
2a,
2a
4b
4b
2a
2a,
4b
2a
2a
2a
2a
2a
4b
2a
2a
4b
4b
2a
4b
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S4 — LEED-AFM-STM
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(b) AFM image (c) STM image

Figure S6: (a) LEED pattern measured at 30 eV. Diffuse scattering resembling a (2x1) and a (3x1) surface recon-
structions are shown in yellow and red arrows, respectively. (b) AFM image of 0-Al13C04(010) (15x15 ym?) showing
a columnar and faceted structure. (c) STM image of a flat terrace at the 0-Ali3Co04(010) surface (15x15 nm?) at Vy,
= 0.6 V. The (1x1), (2x1) and (3x1) cells are drawn in green, yellow and red, respectively. A triangular motif is
highlighted in white.
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S5 — 0-Al;3C04(010) and m-Al;3C04(201) surface models

Figure S8: Surface structure of model M3 15. Al and Co atoms are drawn in light blue and dark blue, respectively.
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