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Abstract

The nature and local environment of Au single atoms supported and stabilized on four different oxides is studied by means
of DFT + U calculations using CO as probe molecule and its stretching frequency, ., as a fingerprint of the site where the
Au atom is bound. Four oxides are considered, anatase TiO,, tetragonal ZrO,, cubic CeO,, and a perovskite LaFeO;. In
this latter case a recently reported experimental study has detected a stretching mode for CO adsorbed on Au,;/LaFeO; of
2215 cm™!, with a large blue shift, Aw(CO)=72 cm™" with respect to free CO. In order to identify the Au adsorption site
that can give rise to this large blue-shift we have considered five cases: (a) Au replacing a lattice cation, (Au)y,; (b) Au
replacing a lattice O anion, (Au),,o; (¢) Au adsorbed on the surface, (Au),4,; (d) Au bound to an extra O atom on the surface,
(Au0O),4,. or (e) Au bound to two extra O atoms on the surface, (AuO,), 4. It turns out that the correct reproduction of Aw for
CO adsorbed on positively charged gold, Au®", is challenging for DFT. Therefore, we have performed a comparative study
of Au®*-CO molecular compounds for which 0,(CO) is known experimentally using various kinds of DFT functionals and
accurate CCSD and CCSD(T) quantum chemistry methods. Also based on this comparison we propose a tentative assign-
ment for the observed frequency of CO adsorbed on Au,/LaFeOj; single atom catalyst.
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and stabilization of an isolated transition metal atom on
a support, SACs have a lot in common with coordination
compounds, where a transition metal atom or cation is sur-
rounded by organic ligands [3]. In a sense, the support in
SACs can be viewed as a very bulky ligand. The presence
of a single active site is another characteristic of SACs that
can be particularly interesting to increase the selectivity
of catalytic reactions. SACs have the advantage that they
can be prepared with tiny amounts of precious metals, thus
reducing costs and increasing the overall efficiency of the
catalyst. Another aspect that makes these systems attrac-
tive is that SACs can be deposited on virtually any solid
material, oxides, carbides, carbon-based materials, zeo-
lites, etc., opening in principle the possibility to tune the
activity of the catalyst in a desired way. It is not surprising
that the number of papers dedicated to SACs has increased
enormously in the last decade.

‘We mentioned above the similarity of SACs with homog-
enous catalysts based on transition metal complexes [3]. In
both cases the active site is a single metal atom, and in both
cases the activity can be modified and sometimes modu-
lated by changing the “surrounding” (either the support or
the ligands). Beside this obvious similarity, there is also a
substantial difference between SACs and coordination com-
pounds. This is the level of definition and characterization of
the active site. In homogeneous catalysis the metal complex
that forms the active phase can be isolated and structurally
characterized so that a precise and complete knowledge is
obtained about the structure; things are much more complex
for SACs. On every support there are several sites where
the metal atoms can be stabilized; these can replace lattice
ions (both cations or anions, and in this case they should be
referred to as “dopants”), be adsorbed near surface defects or
attached to functional groups, or even incorporated in voids,
structural holes, morphological defects in the support. The
situations can be very different if the support is an oxide or
a carbon-based material. In the first case the metal atoms
can be stabilized at steps, corners, kinks, near OH groups,
attached to impurity atoms, etc.; in the second case a great
variety of supports has been used going from graphene to
graphene-oxide, from N-doped graphene to C;N,, etc. Fur-
thermore, there is increasing evidence that SACs are not
static but are dynamic objects that can change their position
according to the reaction conditions, for instance depending
on the oxidizing or reducing nature of the reaction environ-
ment [4].

The lack of precise information about the structural
nature and local coordination of SACs is a serious problem
for the theoretical rationalization of the catalytic behavior
using electronic structure methods (e.g. based on density
functional theory, DFT). In fact, to reproduce or predict the
activity of a given SAC a well-defined structural model must
be provided as input of the calculation. This choice is very
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delicate as completely different results can be obtained when
the active metal site is in different local environments.

Recently we have studied the nature of isolated Rh, Ru
and Pt species deposited on two representative oxide sur-
faces, anatase TiO, (a reducible oxide), and tetragonal ZrO,
(a non-reducible oxide) [5-9]. These systems have been
characterized experimentally using high-resolution scan-
ning transmission electron microscopy (STEM), Fourier
transform infrared spectroscopy (FTIR), and temperature
programmed desorption (TPD) spectra of adsorbed CO
probe molecules. Combining these data with extensive DFT
calculations it has been possible to provide a realistic and
sometimes unambiguous identification of the stable single-
atom species present on these supports. In many cases it
emerges that the Rh, Ru or Pt atoms are bound to O atoms on
the surface due to the presence of OH groups; the interaction
of the metal atoms with the OH groups result in MO or MO,
surface complexes where the metal atom is in positive oxida-
tion state [5-9]. The identification has been largely based on
the comparison of measured and computed CO stretching
frequencies and frequency shifts, Aw. Using scaling factors
for the frequencies, it has been possible to quantitatively
reproduce the vibrational frequency of the real SACs, an
essential step for the complete identification of their struc-
tural nature [4-9].

Thus, CO probe molecules can provide a way to assess
the nature and coordination of a SAC, provided that experi-
mental CO vibrational properties are available (and possibly
adsorption strength as derived from TPD or other measure-
ments); combining this information with the corresponding
computed data can provide a way to distinguish among vari-
ous possible environments for SAC in static conditions [5].
The scope of this paper is to use this procedure to identify
the nature of a recently reported Au SAC, Au,/LaFeO; for
which the vibrational frequency of adsorbed CO has been
reported, showing a particularly large positive shift, Fig. 1
[10].

The nature of Au SACs on LaFeOj; has been compared
with that of Au atom supported on anatase TiO,, tetrag-
onal ZrO,, and cubic CeO,. For these systems, however,
the experimental information is lacking or less specific.
The choice is dictated by the desire to compare reducible
(LaFeO3, TiO,, CeO,) with non-reducible (ZrO,) oxides,
and to consider some of the most widely used oxides as
supports for SACs.

We will show that the calculation of the vibrational prop-
erties of CO adsorbed on a Au atom in positive oxidation
state presents considerable problems for theory, and for this
reason we will first benchmark our approach by comparing
the measured and computed properties of CO adsorbed on
a series of Au®*-CO molecular complexes using methods
based both on DFT and on wave function determination
(quantum chemistry approaches). In this way we will be able
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Fig.1 FTIR spectra of CO adsorption on the LaFeO; and Au,/
LaFeO;. The spectra show the appearance of a new peak due to CO
adsorption when Au is atomically dispersed on the surface. Repro-
duced with permission from ref. [10]

to assess the reliability of the computed CO vibrational fre-
quencies, and to compare the results with experiment.

The paper is organized as follows. In Sect. 2 we provide
the details of the molecular and solid-state periodic calcula-
tions performed on Au-containing molecular complexes and
on oxide supports, respectively. Section 3 reports the results
and is divided in the same way: Sect. 3.1 contains the molec-
ular results; Sect. 3.2 reports the data for CO adsorption on
Au atoms in various environments of the four oxides consid-
ered. The Conclusions are summarized in the last Section.

2 Computation Methods and Models

In this work we have studied both molecular systems
and crystalline solids. Thus, two different computational
approaches and electronic structure codes have been
used. For the study of Au molecular complexes we used
the Gaussian code [11] making use of local gaussian-type
atomic orbital basis sets; for the study of oxide surfaces and
Au SACs we adopted the periodic VASP code [12] based on
plane wave and supercell approaches.

2.1 Molecular Calculations

A series of Au containing simple molecular complexes has
been studied at various theoretical levels. Both DFT and
high-quality quantum chemistry methods (coupled-cluster,
CC) have been used. All the calculations have been per-
formed by means of the Gaussian-16 package [11]. The
geometries of all gas-phase species were fully optimized
with the def2-TZVPPD Weigend—Ahlrichs basis set [13].
For the Au atom, we used a relativistic small-core effective

core potential (ECP), treating Ss, 5p, 5d and 6s states explic-
itly [14]. In order to obtain a benchmark of the stretching
frequency of CO bound to Au in positive oxidation state the
following methods have been used: two standard DFT func-
tionals (PBE [15] and MO6L [16]), four hybrid functionals
(HSEO06 [17], MO06 [18], M06-2X [18], M0O6-HF [19], and
the coupled-cluster method including single-double (CCSD)
and single-double-triple (CCSD(T)) [20] excitations. In all
cases harmonic vibrational frequencies have been computed;
the frequencies reported for the molecular calculations are
not scaled. The binding energies of CO, Ey -, are computed
by the difference between isolated species and the CO com-
plexes. A stable complex corresponds to a positive value of
the adsorption energy.

2.2 Supercell Calculations

Spin-polarized DFT calculations using the Perdew-Burke-
Ernzerhof (PBE) exchange—correlation functional [15] have
been performed employing the VASP code [12]. For a spe-
cific single case also a HSE06 [17] calculation has been
performed (see below). The interactions between core elec-
trons and nuclei are described by the projector-augmented
wave (PAW) method [21, 22]; the following valence elec-
trons are treated explicitly: Fe(3p, 3d, 4s), Ti(3p, 3d, 4s),
Zr(4s, 4p, 4d, 5s), Ce(4f, Ss, 5p, 5d, 6s), La(5s, Sp, 5d, 6s),
0(2s, 2p), C(2s, 2p), Au(5d, 6s). In the case of Au, we adopt
a larger core pseudopotential (11 valence electrons) com-
pared to the molecular case (19 valence electrons), as this is
the only available option for Au in the PAW library. This is
not expected to cause any major deviation on the calculated
results [23].

To partly correct the error of on-site Coulomb interac-
tions of transition metals in the PBE method, a Hubbard
U parameter has been used for the following elements:
U=4¢eV for 3d Fe [24], U=4.5¢eV for 4f Ce [25], U=4¢eV
for 4d Zr [26], and U=3 eV for 3d Ti [26]. Different from
TiO,, ZrO, and CeO, materials, a wide range of U param-
eters (from 4 to 8 eV) has been used for LaFeO; [27].
We used U=4 eV for Fe because with this value the cell
parameters and band gap of bulk LaFeOj; are reproduced
reasonably well. In particular, the calculated (in parenthe-
sis experimental [28]) cell parameters are a=5.557 (5.553)
A, b=5.647 (5.563) A, c=7.912 (7.862) A and the band
gap 2.36 eV (2.34 eV [29]). All magnetic configurations
of LaFeO; have been considered including A-type, C-type,
G-type anti-ferromagnetic and ferro-magnetic. The most sta-
ble structure is G-type (anti-ferromagnetic) in agreement
with previous DFT calculations [24, 30] and experimental
studies [31].

A plane-wave basis with a cut-off energy of 400 eV was
applied for all calculations. The 1x 1 x 1 Monkhorst—Pack
k-point was applied for Brillouin-zone integration. The
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calculations are converged when the electron forces are less
than 10.011 eV/A. The effective charge of atoms is calculated
by means of the Bader method [32-34]. The dipole correc-
tion along the non-periodic z-direction is also included in
all calculations.

The adsorption energies, E, 4, of CO are computed as the
difference between isolated species and the CO complexes.
The stretching frequencies of CO are calculated within the
harmonic approximation, in which the CO molecule and the
atom directly bound to CO are considered. To compare to
the experimental data of CO stretching frequencies, a scal-
ing factor 2143/2125 is used (2143 and 2125 are the CO
frequencies of experiment and PBE calculation in gas-phase,
respectively).

For LaFeO;(001) surface, a slab of (2x2) supercell
(Lay,Fe,,0,,) consisting of six-atomic layers was adopted
[35]. For tetragonal ZrO,(101) and anatase TiO,(101) sur-
faces, we used (3 x 1) and (3 X 2) supercells, respectively, of
fifteen atomic layers, corresponding to TigyO 5o and ZrgyO 5
formula units, respectively. For the CeO,(111) surface, a
(2x2) supercell consisting of nine atomic layers, Ce 3O,
was adopted [25]. In all models, a thickness of vacuum
larger than 15 A is created to minimize the interactions
between slabs. The structural models of these materials are
shown in Fig. 2a—d.

All adsorption energies are defined positive for bound
compounds, AE,;=— E(AB)+E(A) +E(B).

3 Results and Discussion
3.1 Au Molecular Complexes

In order to assess the reliability of the method in predicting
the CO adsorption properties we have identified a number
of simple molecules for which experimental IR spectra are
available; these are [Au-CO]* [36], Cl-Au-CO and Br-Au-
CO (in solution [37]), CF;-Au-CO [38], and [L-Au-CO]*
(L =1IDipp] [39] (in the calculations the phenyl ring has
been replaced by a methyl group). The list is completed by
another set of molecules for which we performed CCSD
and CCSD(T) calculations as benchmark, since experi-
mental data are not available: [Au-COJ**, [Au-COJ**, and
F-Au-CO.

We start from the simplest [Au-CO]* complex for which a
Aw(CO) of +94 cm™! has been measured [36], Table 1 Pure
DFT functionals, such as PBE or MO6L, give very similar
results and Aw ~+ 80 cm™, slightly underestimated com-
pared to experiment. Hybrid functionals with about 25% of
exact exchange (HSE06 or M06), give very accurate shifts
of about 100 cm™" (similar results in terms of equilibrium
C-O bond distance and thus presumably also in terms of CO
frequency have been previously reported also with B3LYP
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Fig.2 CO adsorption on the pristine surfaces of a TiO,(101), b
Zr0,(101), ¢ CeOy(111) and d LaFeO;(001)

[40]); increasing the amount of exact exchange (M06-2X or
MO06-HF) A is slightly overestimated, Ao = + 109 cm™!
and Aw= + 121 cm™!, respectively. Finally, CCSD(T) is also
reasonably close to the experiment, Aw= + 108 cm™!, while
the CCSD method tends to overestimate the shift, Table 1.
The second compound considered, [L-Au-CO]", also car-
ries a net positive charge, partly localized on the Au atom.
Here the experimentally measured shift, +49 cm™! [39],
is considerably smaller than in [Au-CO]*, mainly because
the positive charge is partly delocalized. Also in this case
PBE underestimates the shift, + 34 cm™', while HSEO06 is
in excellent agreement, + 52 cm™. Unfortunately, we could
not obtain CCSD values because the system is too big for
our machines. From these results one could conclude that
HSEOQ6 is the right method to determine the vibrational shift
of CO adsorbed on Au®* compounds. However, things are
not so simple. In fact, the next step has been to compute the
A®(CO) for two other charged complexes, [Au-CO]** and
[Au-COJ**. Here experimental values are not available, and
the best estimate is that of CCSD(T) calculations. For [Au-
COJ*, Awis 150 cm™" at the CCSD(T) level (+ 171 cm™" at
the CCSD level) and the HSEO6 value is close, + 164 cm™!
(notice that this is considerably underestimated at the PBE
level, + 121 cm™"). More complex is the case of Au(III), 5d8,
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Table 1 Properties of CO adsorbed on Au cations or Au complexes where Au is in positive oxidation state

Pure DFT Hybrid DFT Coupled cluster Exp.

PBE MO6-L (0%HF) HSE06 25%HF) MO06 (27%HF) MO06-2X MO06-HF  CCSD CCSD(T)
(54%HF)  (100%HF)

Co o, 2128 2201 2237 2235 2279 2353 2220 2150 2143
Reo 1.137  1.128 1.123 1.123 1.121 1.112 1.128  1.135 1.128
[Au-COJ* W, 2208 2282 2334 2337 2388 2481 2341 2258 223737
Aw 80 81 97 102 109 128 121 108 94
Reo 1.130  1.120 1.113 1.112 1.108 1.098 1.115  1.123 -
Reoa, 1.896  1.924 1.927 1.979 1.982 1.940 1.954  1.934 -
Exco 267 221 2.25 1.97 1.67 1.71 195 213 -
[L-Au-COI* @, 2162 2237 2289 2295 2343 2438 - - 219240
Aw 34 36 52 60 64 85 - - 49
Reo .14 1.125 1.118 1.117 1.113 1.102 - - -
Reoas 1.95  1.965 1.959 2.002 2.002 1.973 - - -
Exco 202 1.85 1.93 1.76 1.51 1.56 - - -
[Au-COI* @, 2249 2337 2401 2411 2467 2566 2391 2300 -
Aw® 121 136 164 176 188 213 171 150 -
Reo 1.122 1112 1.105 1.104 1.100 1.089 1.109  1.117 -
Reoas 1.968  1.992 1.986 2.135 2.138 2.090 2,104  2.095 -
Exco 527 474 473 3.36 3.13 3.10 322 337 -
[Au-COT*  w, 2172 2281 2337 2332 2426 2587 2361 - -
Aw 44 80 100 97 147 234 141 - -
Reo 1.131  1.119 1.110 1.110 1.103 1.086 1110 - -
Reoas 2033 2.037 2.005 2.040 1.979 2.154 2.118 - -
Exco 10.62 9.80 10.52 10.10 9.90 5.12 430 - -
F-Au-CO o, 2114 2186 2234 2234 2285 2390 2260 2179 -
Aw -14 -15 -3 -1 6 37 40 29 -
Reo 1.146  1.136 1.128 1.127 1.122 1.111 1.127  1.136 -
Reoas 1.846  1.855 1.851 1.882 1.850 1.824 1.862 1.853 -
Exco 303 273 2.80 2.46 2.27 2.50 255 273 -
Cl-Au-CO o, 2105 2179 2229 2232 2283 2385 2259 2175 21568
Aw -23 -22 -8 -3 4 32 39 25 13
Reo 1.145 1.135 1.127 1.125 1.121 1.109 1.126  1.135 -
Reoas 1.879 1.889 1.887 1.924 1.896 1.870 1.899  1.888 -
Exco 250 229 2.30 2.02 1.77 1.86 212 230 -
Br-Au-CO o, 2100 2172 2225 2229 2281 2384 2256 2171 215338
Aw -28 —-29 -12 -6 2 31 36 21 10
Reo 1.145 1.135 1.127 1.125 1.120 1.109 1.125  1.135 -
Reoas 1.889  1.902 1.898 1.937 1.911 1.882 1914  1.901 -
Exco 233 208 2.13 1.84 1.62 1.74 1.92 210 -
CF;-Au-CO o, 2128 2199 2251 2255 2304 2403 2276 2200 2194%
Aw 0 -2 14 20 25 50 56 50 51
Reo 1.139  1.130 1.123 1.122 1.117 1.106 1.123  1.131 1.08
Reoas 1.945  1.962 1.950 2.000 1.993 1.959 1.973  1.958 1.98
Exco 155 140 1.51 0.89 1.15 0.02 1.39 1.47 -

CO stretching frequency and frequency shift, , and Aw in ecm™', C-O and Au-CO bond distances, Rqg and Reg 4, in A, and binding energy,
Ex.co,ineV
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in [Au-COJ**. Here the CCSD value is Ao= + 141 cm™!
(we could not converge the CCSD(T) calculations) while at
the HSEO6 level the shift is of + 100 cm™" only. The problem
of describing the back-donation contribution in DFT calcu-
lations of Au(IIl) complexes has been discussed in a few
recent studies by Tarantelli and coworkers [41-43].

Next we considered neutral molecules, in particular
F-Au-CO, CI-Au-CO, Br-Au-CO, and CF;-Au-CO, where
Au is in a formal + I oxidation state. Except for F-Au-CO,
for the other systems experimental estimates of the shift are
available. We start from F-Au-CO. Here the best estimate
of Aw(CO) is the CCSD(T) calculation, +29 cm™!; at the
HSEO06 level, however, the frequency of CO is red-shifted
by — 15 cm™', instead of being blue-shifted. The same
effect, even more pronounced, is found for Cl-Au-CO and
Br-Au-CO. In the Cl complex Ao =+ 13 cm™! (exp. [37])
is nicely reproduced at the CCSD(T) level, Aw= +25 cm™!,
while it is red-shifted by — 8 cm~! at the HSEO6 level; in
the Br complex the experimental shift is Aw= + 10 cm™!
[37], the CCSD(T) value is Aw= +21 cm™!, but HSE06
gives Am=— 12 cm™!, with opposite sign, Table 1. Not sur-
prisingly the pure DFT values are even more red-shifted
(e.g. at the PBE level A@w=— 23 cm™! for Cl-Au-CO and
Aw=-28 cm™' Br-Au-CO, Table 1.

A similar underestimate of the CO vibrational shift is
found in CF;-Au-CO where Aw(exp.)= +51 cm™' [38] is
well reproduced by the CCSD approach, + 56 cm™!, while
the HSE06 method predicts a shift of + 14 cm™! only and
PBE a Aw=0 cm™'. In general, significant underestimates
are expected when the PBE or MO6L pure functionals are
adopted since these methods give an energetically too low
position of the 2x* MO of CO, with consequent excess of
back donation and elongation of the C—O bond [44]. The
typical error in Aw(CO) of PBE calculations for Au®* com-
plexes is of about 40-50 cm™".

These numbers show that even using a hybrid functional
does not guarantee a quantitative reproduction of the stretch-
ing frequency of CO adsorbed on Au®* atoms. While HSE06
(or M06) give reasonable values for charged species, both
underestimate by 2040 cm™! the real shift in neutral com-
pounds. Using higher fractions of exact exchange (M06-2X
or M06-HF) does not improve the situation, Table 2.

From this analysis, since the CCSD(T) approach is not
applicable to supercells and plane wave calculations, we
have to rely on the PBE and eventually HSEQ6 calculations
in order to get reliable values of the chemical shift to com-
pare with the measured CO stretching frequencies.

3.2 AuSACs onTiO,(101), Zr0,(101), Ce0,(111)
and LaFe0;(001) Surfaces

Au atoms stabilized on four oxide surfaces will be discussed
in this Section. For each oxide we considered five possible
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Table2 Adsorption energy, E 4 (eV), of Au single atom on oxide

ads

supports

Eads (eV) (Au)subM (Au)subO (Au)ads
TiO, 6.98 2.78 0.24
7r0, 7.10 4.38 0.95
CeO, 6.92 2.78 1.29
LaFeO; 3.31 2.11 1.57

models of Au atoms on the terrace of the four oxides,
Table 2: (a) the Au atom replaces an M cation in the lat-
tice, (Au)g v (b) the Au atom replaces an O anion in the
lattice, (Au),y0; these two cases are equivalent to a neutral
Au, atom adsorbed on a cation and anion vacancy, respec-
tively; (c) an adsorbed Au atom on the most stable surface
site, (Au),4,; (d) a Au atom bound to an extra oxygen on the
surface, (AuO),,, or (e) to two extra oxygens on the surface,
(Au0,), 4 These two latter cases, (AuO),.. (AuO,), 4, can
be seen as the result of the interaction of Au; with one or
two hydroxyl groups, respectively, followed by H, forma-
tion [45]. In the presence of supported metal particles, this
process is known as reverse hydrogen spillover [46].

The five species considered have different formal oxida-
tion numbers. Since (Au),;\ replaces a M** cation (M** for
LaFeOj;) here Au has the highest formal oxidation state, +1V
(or +1II); the other extreme is that of (Au),,o where for-
mally Au is negatively charged, with oxidation state -II. The
third case, (Au),,, is that of gold in zero oxidation state, pro-
vided that no spontaneous charge transfer occurs when Au is
deposited on the oxide, while in (AuO),4, and (AuO,), 4 the
formal oxidation states are +1 and + 11, respectively, since
the O atoms are bound simultaneously to Au and to the sur-
face. In this way we cover the entire spectrum of oxidation
states of Au. Of course, formal oxidation states do not neces-
sarily reflect the real situation occurring when a Au atom is
adsorbed on an oxide surface. Take for instance CeO,. It has
been shown that for (Au),,,(CeO,), where Au occupies an
O vacancy, one electron from the vacancy is transferred to
Au which becomes Au~\, and the other reduces a Ce** ion
to Ce3* [47]; for (Au),4(Ce0,) the formal oxidation state is
zero but the most stable state corresponds to a ionized Au*
(oxidation state+ 1) due to the spontaneous transfer of the 6 s
valence electron to a Ce ion that becomes Ce>* [48].

Another problem is that the electronic nature of the Au
atom can change when the CO molecule is adsorbed. On
reducible oxides CO can induce an electron transfer from
the Au 6 s orbital to the empty d or f orbitals of the oxide; on
non-reducible oxides, such as MgO, it has been shown that
Au can transfer the valence electron to the CO adsorbed mol-
ecule, with formation of a Au™-CO™ complex [49]. In these
cases, the CO molecule is not a good probe of the electronic
nature of the specific site under examination.
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Before considering the adsorption of CO on the Au
SACs, we have compared the properties of CO adsorbed
on the bare surfaces, without adsorbed Au, Table 3. In
all four oxides CO is bound C-down on-top of a surface
cation, Fig. 2, with a binding energy between 0.30 and
0.37 eV, indicating a similar nature of the interaction, with
important electrostatic and dispersion contributions to the
bonding. In all cases CO exhibits a positive vibrational
shift; the smallest value is for ZrO,, + 6 cm™! in consider-
able underestimation of the experimental shift, + 51 cm™!
[50], the largest is for TiO,, +44 cm™" (this latter value
is close to the measured shift of +33 cm™' [51]). The
other two oxides, CeO, and LaFeO;, give rise to inter-
mediate blue-shifts of CO w,, +25 and + 18 cm™!, respec-
tively. The shift computed for CeO,(111),+25 cm™, is
slightly overestimated compared to the reported experi-
mental shift of + 11 cm™' at high CO coverage [52] and
to other computed values obtained at a similar theoretical
level (+9 cm™! [53]); on the other hand, recent reports
have clearly shown that the theoretical description of the

Table3 CO adsorption properties on Au SACs on TiO,(101),
Zr0,(101), CeO,(111) and LaFeO; (001) surfaces. Adsorption
energy, E 4 (eV), C-O boond length, R¢qg (A), C-M (M=Ti, Zr, Ce,
Fe, Au) distance, Ry (A), Au Bader charge (before) and after CO

vibrational properties of CO adsorbed on CeO, is chal-
lenging for conventional DFT approaches [54].

Next we consider the interaction of CO with (Au)gpum
species. As we mentioned above, here we are in the pres-
ence of a dopant, since Au replaces a cation in the lattice.
The Au adsorption energy, computed with respect to a cat-
ion vacancy in the oxide and free Au,, is extremely large,
of the order of 7 eV for the non-magnetic TiO,, ZrO,, and
CeO, oxides, Table 2; LaFeO; exhibits a smaller binding
energy, 3.3 eV, Table 2. In all cases the Au atom carries a
large positive charge, Table 3, which is smallest on LaFeO;
because (a) the Au atom is not incorporated into the lattice,
but adsorbed above the cation vacancy, see Fig. 3d, and (b)
the Au ion is in a formal 4 III oxidation state instead of + IV
as for the other oxides, Table 3.

When CO adsorption is considered, very different situa-
tions are found. When Au replaces Ti in TiO, CO binds very
weakly, 0.23 eV, Table 3 and Fig. 3a. This binding is lower
than that of CO on Ti** cations, so CO is not expected to
interact with (Au)y,yri- A similar situation is found for ZrO,,

adsorption, Q(Au) (lel), harmonic CO stretching frequency scaled by
2143/2125 factor, w, (cm™), and frequency shift Aw, (cm™) with
respect to free CO. (PBE + U results)

System CO site E, 4 (€V) Reo (10\) Rem (A) Q(Au) (lel) ®, (cm™) A® (cm™") Figures
(TiOy)go TittV 0.34 1.138 247 - 2187 +44 2a
(ZrOy)¢0 zrt 0.37 1.142 2.53 - 2149 +6 2b
(CeO,) 5 CetV 0.30 1.142 2.82 - 2168 +25 2¢
(LaFeO5)y, FetlI 0.31 1.141 2.31 - 2161 +18 2d
(AU)qy13(TiseO 0 AutY 0.23 1.138 1.96 (1.28)1.25 2188 +45 3a
(AU) 17 (Z1560 12 0.29 1.144 3.57 (1.23) 1.23 2138 -5 3b
(Au)gpce(Cey7046) CO, formation 3c
(AU)ppe(LassFey3055) 1.24 1.153 1.86 (0.55) 0.55 2117 -26 3d
(AU) g0 (TigyO110) Aul! 0.40 1.152 2.10 (- 045)-036 2062 - 81 4a
(AU)gp0(Z16001 10) 0.57 1.162 2.09 (- 0.86) — 0.81 1980 - 163 4b
(AU)gp0(CesgOgs) 0.18 1.155 2.29 (- 0.58) — 0.49 2038 - 105 4e
(Au)po(Lay,Fer 05)) 1.56 1.151 1.87 (- 0.11)0.38 2101 —42 4d
(AU) 4 (TiO)go A’ 2.22 1.151 1.86 (0.42) 0.52 2096 - 47 Sa
(Au) 4(Z105)go 0.92 1.161 1.96 (- 0.09) 0.04 2009 - 137 5b
(Au) 4 (Ce0,) 5 2.64 1.153 1.87 (0.30) 0.40 2124 - 19 5c
(Au) 4 (LaFeOy),, 2.50 1.154 1.86 (0.59) 0.45 2110 -33 5d
(AUO) 4 (TiO,)go Aut! 1.08 1.149 1.89 (0.58) 0.73 2127 - 16 6a
(AUO) 4 (Zr0,) 1.30 1.150 1.87 (0.04) 0.45 2142 -1 6b
(AUO) 4 ((Ce0,) 5 1.41 1.154 1.87 (0.42) 0.47 2119 - 24 6¢
(AuO),4(LaFeO5),, 1.61 1.146 1.90 (0.61) 0.97 2145 +2 6d
(AUO,) 4 (TiO,)go Autll 1.77 1.142 1.91 (1.06) 1.12 2172 +29 7Ta
(AUO,) 4 (Z105)go 1.87 1.144 1.91 (1.00) 1.03 2159 +16 7b
(AUO,) 4 (Ce0,) 4 1.17 1.144 1.92 (0.74) 1.01 2164 +21 Tc
(AUO,) 4 (LaFe0y),, 1.31 1.146 1.90 (0.76) 1.08 2153 +10 7d
(AUO,) 4 (LaFeO03),,* 1.87 1.130 1.91 (0.89) 1.15 2167 +24 7d
*HSEO6 result
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Fig.3 CO adsorption on (Au)g\, a Au atom substituting a lat-
tice cation M (M =Ti, Zr, Ce, Fe) on the surface of a TiO,(101), b
Zr0,(101), ¢ CeO4(111), and d LaFeO;(001)

where the CO binding energy is lower than on the regular
surface and the Au-CO distance is very long, Fig. 3b and
Table 3. On CeO, the presence of a substitutional Au atom
results in the destabilization of an adjacent surface oxygen
so that CO reacts with this oxygen to form CO, that des-
orbs. The only oxide where CO forms a stable complex with
(Au),,m 1s LaFeO;, Fig. 3d. This is also the site identified
as the Au SAC in the experiments performed by Tian et al.
[10], so a detailed discussion of this site is required.

In the experimental study by Tian et al. [10] a CO stretch-
ing frequency of 2215 cm™' was measured for a 0.3% Au
loading on LaFeO; and assigned to CO adsorbed on Au SAC,
Fig. 1; based on the adsorption energy of CO (DFT-PBE
calculations [10]) and coordination number of Au (XANES
results), it was concluded that the Au SAC on LaFeO; cor-
responds to the (Au)g,ype Species. Unfortunately, no DFT cal-
culation of the CO stretching frequency has been reported.
In our calculations CO is bound to (Au),,r. by 1.24 eV; the
C-0 bond length, 1.153 A, is elongated compared to free
CO and thus the CO stretching frequency is red-shifted by
— 26 cm™!. We have seen above that PBE overestimates the
back-donation to CO, and that this negative shift is prob-
ably incorrect. However, even considering the inadequacies
of the PBE functional, this is quite inconsistent with the

@ Springer

Fig.4 CO adsorption on (Au)y,;o, an Au atom replacing a lattice
oxygen on the surface of a a-Ti0,(101), b ZrO,(101), ¢ CeO,(111),
and d LaFeO,(001)

large positive shift observed experimentally, +72 cm™'. The
largest error found at the PBE level for the molecular com-
pounds reported in Table 1 is 51 cm™ (CF;-Au-CO). Even
adding this correction to the computed frequency we arrive
at an estimated shift of +25 cm™!, far from the experimen-
tal value. Therefore, the assignment reported by Tian et al.
does not explain the large positive shift in CO stretching fre-
quency observed for Au,;/LaFeOj;. In the following we will
analyze other possible Au coordination modes and provide
a suggestion for an alternative assignment.

The next case is that of (Au)y,,o, Tables 2, 3, and Fig. 4.
Au is bound to an O vacancy of the four oxides with rela-
tively strong bonds, from 2 to more than 4 eV, see Table 2.
In all cases the Au atom is not incorporated in the sur-
face plane, but is above it, Fig. 4, and carries a negative
charge, Table 3. On (Au),,,oTiO,, Fig. 4a, CO is bound
by 0.40 eV and the CO frequency is strongly red-shifted,
Aw=— 81 cm™, in close agreement with previous DFT
calculations on Au adsorbed on an O vacancy of rutile
TiO, [55]; on (Au),,0ZrO,, Fig. 4b, the bonding is slightly
stronger, 0.57 eV, and the CO frequency is significantly red-
shifted, Aw=— 163 cm™'; on (Au),,,oCeO,, Fig. 4c, the
binding is very weak, 0.18 eV, so that no Au-CO complex is
expected to form at room temperature and the adsorption site
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is not competitive with the Ce ions on the surface. Finally,
on (Au),,oLaFeO;, Fig. 4d, we have again a strong interac-
tion, 1.56 eV, and a significant red-shift in the CO stretching
frequency, Aw=— 42 cm™'. The large red shifts observed
for (Au),,o are not surprising and are consistent with the
accumulation of negative charge and the formal -II oxidation
state of gold.

The case of (Au),y, is the next one. Of all cases consid-
ered, this is probably the least likely. In fact, usually Au
atoms adsorbed on an oxide surface are rather mobile, and
tend to aggregate to form clusters, while SACs are ther-
mally stable species. This stability can be easily explained
if the Au atom replaces a lattice atom, as in the previous
examples, but it is difficult to be rationalized if the atom
is simply deposited on the surface. Of course, quite differ-
ent interaction energies are expected as a function of the
nature and morphology of the surface, and in fact for the four
oxides considered in this work the adsorption energy of Au,
goes from a minimum of 0.24 eV for TiO, to a maximum
of 1.57 eV for LaFeO;, Table 2 and Fig. 5. The other two
oxides, ZrO, and CeO, have binding energies of about 1 eV,
Table 2. These results are in line with previous studies: for
instance, for Au atoms adsorbed on the TiO,(101) surface a
value of 0.25 eV has been reported [56]; for CeO,(111) the

{

wYigud,

Fig.5 CO adsorption on (Au),4, an Au atom bound on the surface of

ads®

a TiO,(101), b ZrO,(101), ¢ CeO,(111), and d LaFeO;(001)

adsorption energies are of about 1.1 eV [48, 57]. Among the
four oxides considered, only LaFeO; shows an appreciable
bond strength for the Au atom. Of course, what counts for
the mobility of adsorbed ad-atoms is not the binding energy
but the diffusion energy, which is usually much smaller [58].
Diffusion processes determine also the actual binding sites
for Au atoms on oxide surfaces. For instance, for CeO,(111)
it has been shown that despite a clear thermodynamic prefer-
ence for oxygen vacancies, Au atoms bind mostly to regular
surface sites and that even at high temperature aggregation
at step edges instead of decoration of defects occurs as the
consequence of adatom diffusion [59].

With the exception of zirconia, a non-reducible oxide, in
all other cases Au assumes a partial positive charge as shown
by the Bader charges, Table 3. This is consistent with the
reducible nature of TiO,, CeO,, and LaFeO;. Nevertheless,
we consider (Au),y as a case of Au atom in formally zero
oxidation state. On all oxides Au is bound to the surface
via the O atoms, and in LaFeO;, where the interaction is
stronger, two of these atoms are “‘extracted” from the surface
to coordinate the adsorbed Au species, Fig. 5d.

CO binds rather strongly to (Au),q in particular when
this is supported on the three reducible oxides, TiO,, CeO,,
and LaFeO;: the Au-CO binding energy is larger than 2 eV,
Table 3. This strong bonding is the consequence of the
formation of a formally Au*-CO complex, which is also
consistent with the rather short Au-CO distance, about
1.86-1.87 A, Table 3, and Fig. 5. The fact that CO adsorbed
on Au,/TiO, induces a charge transfer from Au to the oxide
has been shown some time ago for the TiO, rutile surface
[55]. The case of CO adsorbed on Au,/CeO, has been exten-
sively studied using methods similar to that adopted here;
CO adsorption energies of 2.4-2.5 eV have been obtained
for different locations of the Ce*" ions with the PBE 4+ U
method [60], similar to those obtained in this study, 2.65 eV,
Table 3. The case of CO adsorption on (Au),4/ZrO, is differ-
ent. Here the Au atom is neutral, the Au 6 s orbital is occu-
pied resulting in a weaker interaction with CO, 0.92 eV, and
a longer Au-CO distance, 1.96 /OX, Fig. 5b. This is consistent
with previous DFT results [61]. In all four cases CO adsorp-
tion induces a rearrangement and change of coordination of
the Au atom which is extracted from the surface plane, see
Fig. 5a—d.

The different nature of the bonding in the four Au-CO
surface complexes reflects in the CO stretching frequencies:
on ZrO, the neutral Au atom gives a stronger back-donation
to CO, resulting in a large negative Aw=— 137 cm™'. Much
smaller shifts are found for the other three oxides: (Au),,/
TiO, Aw=— 47 cm™!, (Au),,/Ce0, Aw=— 19 cm™},
(Au),,/LaFeO; Aw=— 33 cm™!, Table 3. The negative
shift of — 19 cm™! computed for (Au),,/CeO, agrees well
with other theoretical estimates at the same level of theory
(Ao ~ — 30 cm™! [60]). Also in this case, even considering
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the tendency of the PBE functional to overestimate back-
donation to CO, one can rule out that (Au),, is the species
responsible for the large positive o shift observed experi-
mentally for Au,/LaFeO; [10].

We come now to two kinds of models that are quite prom-
ising since they have been proposed as the most likely struc-
tures of Rh, Ru, and Pt SACs on TiO, and ZrO, [4-9]. We
are referring to the (AuO), 4, and (AuO,), 4 species. We start
from the former, Fig. 6. On all four oxide surfaces consid-
ered, (AuO),,, corresponds to an Au atom bound to two O
atoms, where one is the extra oxygen on the surface, and the
second is a lattice oxygen which is partly extracted from the
surface, Fig. 6. On these species, where Au is in a formal +1
oxidation state, Au carries a positive charge when the sup-
port is TiO,, CeO,, and LaFeO;, Table 3; on ZrO, the Au
atom has a Bader charge close to zero.

CO binds to (AuO),4, with a binding energy between
1.1 eV (TiO,) and 1.6 eV (LaFeO;), Table 3. The Au-CO
distance is almost the same in all complexes, and is around
1.9 A. After CO adsorption in all (AuO),4, species the
positive charge on the Au atom increases, Table 3. This is
because the CO molecule, that binds to Au with a ¢ lone
pair, reinforces the electron transfer from Au to the oxide
[55, 61]. Despite the positive charge on Au, which should
result in a blue shift of the CO stretching frequency, the

. \,‘-' N,
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Fig.6 CO adsorption on (AuO)

a AuO complex on the surface of
a TiO,(101), b r-ZrO,(101), ¢ CeO,(111), and d LaFeO;(001)
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calculations indicate a CO , in the range 2119-2145 cm™!,
i.e. slightly red-shifted or basically unchanged with respect
to free CO. This is the case in particular for CO adsorbed on
(Au0),,/LaFeO,, where Aw is+2 cm™. Of all sites consid-
ered so far, this is the only one that gives a tiny but positive
o shift. We have mentioned already that PBE underestimates
the CO w shift by 20-50 cm™!. Even considering this correc-
tion, the (AuO),,/LaFeO; species does not explain the large
CO o shift observed experimentally.

The last model of SAC considered is similar to the pre-
vious one but now the Au atom is bound to two surface O
atoms instead of one, (AuO,), 4. The two O atoms are linked
to surface cations and act as strong anchoring sites for the
Au atom. They can derive from OH groups that are always
present on the surface of an oxide catalyst. In some cases,
e.g. TiO, and ZrO,, Au is bound simultaneously to the two
extra oxygens and to one oxygen from the surface, Fig. 7a,
b, while in other cases it is just anchored to the two extra O
atoms. Formally, in (AuO,),4, Au is in a+II oxidation state
and in fact the Bader charge is positive and large for all four
oxides, going from +0.74 lel for (Au0O,),/CeO, to+1.06 lel
in (AuO,),/TiO,, Table 3.

A special situation is found for the case of LaFeOj; as
here two iso-energetic isomers of (Au0O,),,, are found,

ads
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Fig.7 CO adsorption on (AuO,),, a AuO, complex adsorbed
on the surface of a TiO,(101), b ZrO,(101), ¢ CeOy(111), and d
LaFeO5(001)
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Fig.8 Two iso-energetic structures of (AuO,),,, on the surface of

LaFeO,(001)
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Fig. 8. In the first isomer Au is bound to four O atoms, two
from the LaFeO; lattice and two are the extra oxygens; this
results in a square-planar coordination, Fig. 8a, where Au
has similar distances from the four O atoms, 1.95-2.0 A;
the second isomer, Fig. 8b, is 0.02 eV higher in energy,
and corresponds to an Au atom bound to the two extra O
atoms on the surface with Au-O distances of 1.87 A. The
first structure is fully consistent with X-ray absorption near
edge spectra (XANES) and X-ray absorption fine structure
spectra (EXAFS) that indicate that most likely Au is bound
to four O atoms with Au-O distances close to 2 A and that
Au has a positive oxidation state reminiscent of that of
Au’t in Au,0; [10]. It is possible that the two isomers
interconvert depending on the external conditions.

The adsorption of CO to (Au0O,),y, results in bond
strengths similar to those found for (AuO),4,, going from
a minimum of 1.17 eV for (Au0,),4,Ce0, to a maximum
of 1.87 eV for (Au0O,),4ZrO,. Again, a special situation
occurs in the case of LaFeO;. In fact, CO does only form
a van der Waals complex on the first isomer of Fig. 8a,
while is bound by 1.31 eV to the second isomer (Fig. 7d,
Fig. 8b). The Au-CO distance is virtually the same in all
oxides, 1.9 ;\, Table 3, reflecting the very similar nature
of the interaction. As it can be appreciated from the data
reported in Table 3, the (AuO,),4, species produces CO
vibrational shifts that are positive for all four oxide sur-
faces: from a maximum of +29 cm™" in (Au0,),4TiO, to
a minimum of + 10 cm™! for (Au0,),4LaFeO;, Table 3.
These shifts are the consequence of the positive charge
on Au.

Since the identification of the origin of the band at
2215 cm™! in the IR spectrum of Au SAC on LaFeOj is one
of the goals of this study, we decided to repeat the calcula-
tions of this specific complex using a higher level of theory.
In fact, the (AuO,),4.aFeO; species is the most promising
model we have considered to explain a large Aw(CO). To
this end, the calculation of the CO adsorption properties
has been repeated at the HSEQ6 level of theory despite the
considerably higher computational cost. We have seen above
that the HSEO6 functional provides good estimates of the CO
frequency for charged [AuCO]™ complexes, while it under-
estimates the C-O stretching frequency by 20-35 cm™! for
neutral L-Au—CO complexes. The results are reported in the
last line of Table 3. The structure of the (AuO,), 4 LaFeO;
complex is the same found at the PBE + U level but Aw(CO)
becomes now +24 cm™!, Table 3. This is still much smaller
than the +72 cm™! shift observed experimentally [10], but
considering the underestimate of the HSE06 approach we
can guess a computed CO shift of 40-60 cm™!, not too
far from the observation. While we cannot propose a firm
assignment, we conclude that the (AuO,),q/LaFeO; species
is a potential candidate for the structure of the Au SAC on
LaFeO;.

Finally, a few words about experimental IR spectra of
Au single atoms on TiO, and CeO,. For Au/TiO, a band
at 2148 cm™' (Aw= +5 cm™') has been assigned to Au'™
cations in the structure [51]. Of the systems studied in our
work and considering the underestimate of CO o, by PBE,
the (AuO),4, species seems to be the most promising. For
CeO, frequencies in the range 2117-2150 cm™~! have been
measured and assigned to Au?*(0 <8< 1) [62]. These fre-
quencies are slightly below that of free CO, or just above
it. They are broadly consistent with those computed here
for (Au),4,Ce0,, — 19 cm™! and (Au0),,,CeO,, — 24 cm™".

ads ads

4 Conclusions

In this paper we analyzed the possibility to identify single
atom catalysts based on isolated Au atoms stabilized on an
oxide support by studying the CO adsorption properties. The
study of an adsorbed CO probe molecule on the Au SAC
and the comparison of its vibrational frequency computed
at the DFT level with experimental data can provide useful
information about the site where the Au atom is stabilized.
Of course, other characterization methods such as EXAFS,
XANES, or TPD do also provide relevant information but
here the main focus is on the CO vibrational frequency. This
property is very sensitive to the oxidation state and coordina-
tion of a metal atom [63] and provides important information
about the nature of the active site. The work is stimulated by
arecently reported case of Au SAC on a perovskite, LaFeOs,
where a very high frequency has been measured for CO on

@ Springer



1584

Topics in Catalysis (2022) 65:1573-1586

the Au species, 2215 cm™!, with a blue shift of +72 ¢cm™!
compared to free CO [10]. This large blue-shift is usually
due to the bonding of CO to cationic species, suggesting that
Au must be in a positive oxidation state [63].

The first step of the work consisted in the assessment
of the accuracy of the method used, based on a pure DFT
functional, PBE. This is known to produce an overestimate
of the back-donation contribution from metals to CO which,
in turns, is due to a too small HOMO-LUMO gap in the free
CO molecule at this level of theory [44]. This problem can
be overcome using hybrid functionals, where a portion of
exact exchange is included in the functional [64]. Among
various formulations, here we have adopted the popular and
successful HSEO06 hybrid functional. To test the reliability of
our computed CO stretching frequencies for Au®*-CO com-
plexes we have selected a few neutral and charged molecules
containing this bond and we have computed the electronic
and vibrational properties at various level of theory. Beside
PBE and HSEO06, also the Minnesota functionals, M06, pure
and hybrid, have been tested together with the accurate and
computationally demanding CCSD and CCSD(T) quantum
chemical methods. The results show that while the HSE06
functional performs well in reproducing the CO frequencies
of charged Au complexes, it underestimates, by 20-30 cm™!,
this property in neutral Au®*-containing molecules. The
underestimate is of course larger in the case of the PBE
functional, 20-50 cm ™.

Having established the error bar that should be expected
in the calculation of the CO stretching frequency for Au
on oxide surface, we have considered five possible struc-
tural motifs of Au SACs on four supports: anatase TiO,,
tetragonal ZrO,, cubic CeO,, and perovskite LaFeO;. The
sites considered are: (a) an Au atom that replaces a M cation
in the lattice, (Au)y,,y; (b) an Au atom that replaces an O
anion in the lattice, (Au)g,,0; (¢) an Au atom adsorbed on the
surface, (Au),,; (d) an Au atom bound to an extra oxygen
on the surface, (AuO),,; (¢) an Au atom bound to two extra
oxygens on the surface, (Au0O,),,4.. These two latter cases,
(Au0), 4, (AuO,),4 can be the result of the interaction of
Au with hydroxyl groups present on the surface. All systems
considered are charge neutral.

Most of the sites considered give rise to strong or signifi-
cant red-shifts in the CO w,; even considering the limitations
of the PBE approach, it is possible to rule out (Au)ypm.
(Au)0- and (Au),,, as the species that give rise to a large
blue-shift in CO w, in Au,/LaFeOj;. Only the (AuO,), 4, spe-
cies exhibits significant positive shifts. Taking into account
the underestimate of the PBE and HSEO6 methods, one can
guess a CO w, for (AuO,),4LaFeO; close to that observed
experimentally [10]. While this is not sufficient to propose
a firm assignment, it represents a possible explanation of
the IR spectra not considered so far. The results also show
the large number of potential sites occupied by SACs and
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point to the need to fully characterize them structurally if
one is interested in the calculation with electronic structure
methods of the chemical and catalytic properties of a SAC.
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