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Principle behind the highest catalytic ability of the least coordinated gold remains
a puzzle. With the aid of density functional theory calculations, we show that in 3-
coordinated gold cages (i) the Au—Au bond contracts by ~5% in average, (ii) the
valance density-of-states shift up to Fermi level when the Auss cluster turns into an
Auj; cage, and (iii) the activation energy for CO oxidation drops in sequence, Auss
cluster (13.6 Kcal/mol), Aug, cage (8.0 Kcal/mol), Auy3(6.5 Kcal/mol), and Auj,
cage (5.1 Kcal/mol), with comparing the reaction paths and spin states. The principle
clarified here paves the way for the design of gold nanocatalyst. © 2017 Author(s).
All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
[http://dx.doi.org/10.1063/1.4978041]

Prevailing perception was accepted that gold is a catalytically inactive metal because of the
apparent chemical inertness of bulk gold. In fact, the fully occupied Au 5d orbitals can hardly release
an electron due to the large first ionization energy. However, in the states of surfaces or nanoparticles,
gold can have a large portion of the under-coordinated atoms that induce the ability as a “green,”
stable, and efficient catalyst in chemical reactions.'~”

Under-coordinated sites on the gold nanoparticles can absorb small inorganic molecules such
as O, and CO, and the presence of these sites is the key to the catalytic properties of supported
gold nanoparticles.® Au nanoparticles were found catalytically active only with a diameter below
3.5 nm.!%!2 A high activity of a gold catalyst occurs when atomic oxygen is bounded in the three-fold
coordination sites on gold.'>!* However, the underlying mechanism of the under-coordination effects
remains poorly understood.

In fact, the involvement of under-coordinated atoms either by cluster size reduction or by hollow
nanocage formation is indeed fascinating. Under-coordination effects can lead to the contraction of
Au-Au bonds at the surface skin,'>~!7 deepening of the surface potential well,'® blue shift of core-
level binding energy (Au 4f),'>!° and red shift and polarization of valance bands.’®>! Nanoscale
gold interacting with photon can excite local surface plasmon,”” and the resonance peak can be
tuned through changing the size of the gold nanocages.>* Accompanied with the structure evolution
of strained icosahedral structures of nanoparticles or nanocages,”*?> substantial bond contraction
occurs on the outermost atomic shell'>!® that forms the surface “skin.”!” What are the specific
functions of under-coordination on the electronic structure and further on the catalytic ability of
gold? This paper will address this question.

In 2002, Pyykko reported that a gold nanocage is stable in the form of icosahedral Auj,.%°
Gold nanocages were synthesized”® and used in nanophotonics,”’ drug delivery,?® etc. Theoretically,
Auz,? and Auy, cages’® were determined as large stable single-wall cages compared with their
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counterparts in solid nanoparticles, while Ausy and Auy, do not form stable cages.29 Compared with
the solid nanoparticle catalysis that has been extensively investigated,®!!30-32 the catalytic ability of
gold nanocages has seldom been studied theoretically.

Although the Langmuir-Hinshelwood mechanism of gold-assisted CO oxidation has been sup-
ported by some studies,?'* the reaction mechanism is still not entirely clear. In the Langmuir-
Hinshelwood mechanism, there are two possible pathways that differ in how O, and CO interact with
a gold surface. One is an indirect pathway in which O initially undergoes O-O bond cleavage to
produce a highly reactive [O] unit.!! The other is a direct pathway in which the absorbed O, directly
reacts with CO without undergoing O-O bond cleavage.>*3!-*> Both mechanisms are supported by
several groups.

In this paper, we study these two possible mechanisms for the CO oxidation reaction on gold
nanomaterials to establish which reaction mechanism is more favorable, using density functional
theory (DFT). We mainly focus on the role of the under-coordinated atoms in enhancing the catalytic
ability of an Auss solid nanoparticle and a same-diameter nanocage Auyy (Cagesn). Both high-spin
and low-spin states are considered in the calculations.

The principle proposed is shown in Eq. (1). The core-level shift of vth energy band E,, of effective
coordination number (z) over that of bulk material (B) with respect to energy level of an isolated
atom (0) can be expressed as follows:*®

E,;(0) = v, il Varom(|v, i) (atomic level),
Eyi(B) = Evi(0) = (v, ilVen(MIv, i) + >~ (k) (v, il Ver(MIv. )
J

= a(1 +Z’M);a (bulk Shift),
; @ ey
Ev@ - E,(0) = (@) = <V7 Wery(7) + Sst DI, i> =C;" (core level shift),
E,(B)-E,(0)  a(B) (v, il Ver()v. i) :
or = w (polarization) ,
E\(B) - E,(0)
with
21 =41 -0.75K"1); 20 =71 + 2; 23 = 12 (effective CN),
C.(z) =d(z)/d(B) (contraction coefficient), 2)
C." = Ep(z)/Epy(B)=Vi(2)/Vi(B) (bond energy and local potential),

where E, (0) is the energy level of an isolated atom. V 405, (7) is the intra-atomic potential and V¢ (1)
crystal potential. lv, i> represents the wave function. @ = <v,ilV ., (r)lv,i> is the overlap integral and
Bij = <v,i|Very(r)|v,j> the exchange integral whose summation over the first nearest neighbors j
contributes to the width of energy band, with a periodic factor f(k) in the form of e ™" while k being
the wave vector. In the localized core-levels, wave functions of core electrons between i and j overlap
a little and thus g;; is not comparable to overlap integral of ith atom, «. The core-level shift E, (z) —
E,(0) is dominated by «. In Eq. (2), m is the bond nature indicator varying with materials. For gold,
m has been optimized as 1.17 21, 25, and z3 represent effective z of 1st, 2nd, and 3rd layers and the
effective z of the first layer of nanoparticle is a function of the reverse particle size K.

According to Eq. (1), as the size of nanoparticle decreases, (i) bonds between under-coordinated
atoms become shorter and stronger; (ii) as atoms becomes closer at surface skin, the V., (r) to the
neighbor electron will become deeper; (iii) consequently, @ and S;; will be enlarged proportional to
the depth of the potential well at equilibrium; (iv) localized core level will shift proportional to @ and
trapped to deeper energy; (v) valence band polarization (P) happens to the open-shell noble metals:
valence band red shifts since nonlocal charges are polarized by densely entrapped core electrons at
the under-coordinated sites. Such polarization may turn the ill-coordinated atoms to be a donor-type
catalyst, as that happened to Rh adatoms.?’

Icosahedron was shown to be the most favorable high-symmetric structure for gold nanocages by
theoretical’*?° and experimental?®3® studies. The surface of an icosahedron gold cluster is composed
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FIG. 1. Structural configuration of (a) Aujs and its monolayer (b) Cage;,, (c) Auss and its monolayer (d) Cage4, of ICO
structure. Numbers denote the atomic positions.

of twenty distorted triangles and five triangular faces meeting at each vertex, as shown in Figure 1. The
Auy, cage was discovered as the largest stable gold cages in the icosahedral structure, which contains
20 distorted triangle facets.>* Figure 1 illustrates the structures of considered gold nanoparticles
and nanocages. We choose three different sizes of nanoparticles: icosahedra particles (Au;3 and
Auss) and their monolayer hollow cages (Cage|, and Cages;), cuboctahedral Auj47 particle as used
for comparison only, as subjects investigated from the angle of size- and layer-dependent energetic
properties before and after being used as a catalyst. There are two nonequivalent atomic sites on
each facet of Cages>. A diatomic molecule can either “dangle” on top of a single gold atom (i.e.,
1 or I’ in Figure 1(c)) or “bridge” two gold atoms, i.e., 1-1’ or 1’-1" in Figure 1(c). Corner atoms
(1) were found to absorb small molecules most easily, with the corresponding binding energy being
larger than that for other sites, as reported in previous work.'""!?> We calculated all the possibilities
of absorptions and chose a best configuration for each path.

DFT calculations were performed using the DMol® code with a double numeric plus polariza-
tion basis set to approximate the wave functions. DFT semi-core pseudopotential®® is chosen as
approximations for gold, for dealing with the core potentials including some degrees of relativistic
effects. The revised Perdew-Burke-Ernzerhof (RPBE)*’ functional in the framework of the general-
ized gradient approximation is adopted to describe the exchange-correlation energy, which has been
widely used in the calculation of gold nanoparticles. For the DFT calculations, the self-consistency
threshold of total energy was set at 107 hartree. The complete linear/quadratic synchronous transit
(LST/QST)*! technique, which has been used frequently for the investigation of reactions of gold
nano-catalysts,' Y was used to locate the transition state (TS) in each reaction step. At most five
cycles of QST maximum-search calculations were performed, each of which was followed by a
conjugate gradient optimization. This was done until the system comes close enough to the saddle
point on the potential energy surface. The convergence criteria were set at 107> hartree for energy,
0.002 hartree/A for force, and 0.005 A for displacement. A nudged elastic band (NEB) method*?
search was applied for further searching the energy-minimum state (MS) on the reaction path.

As Eq. (2) expected, bond contraction (C, — 1) indeed occurs between under-coordinated atoms,
as listed in Table I. Bonds can be categorized to inter-layer bonds and intra-layer bonds. Single
layer cages only have the latter while nanoparticles and double layer cages have both. Diameter D is
measured as the distance between two opposite top atom 1. Results of Table I indicate the following:

TABLE I. DFT optimized Au—Au bond length (L), diameters (D), and the contraction coefficient C; — 1 for gold particles
and cages. Atom positions are denoted in Fig. 1.

Cagerp Aups Cages Auss
LA  » LA (% L (A) (%) L (A) (%)
1-17 2.759 -4.3 1-2 2.735 =52 1-17 2.732 -5.2 1-2 2.679 -7.1
1-1 2.875 -0.3 -1 2.772 -3.9 172 2.826 -2.0
D 5.25 -4.0 D 5.47 D 10.26 —49 1-1 2.841 -1.5
2-2/ 2.856 -1.0
2-3 2.716 -5.8

D 10.79
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(i) The average inter-layer bonds (1-2 and 1’-2) shrink more significantly as size decreases from
Auyg7 (2.835 A), Cage a3 (2.816 A), Auss (2.777 A) to Auyz (2.735 A) compared with Au—Au length
2.88 A in bulk gold; (ii) the intra-layer bonds (1-1” and 1’-1’) of cage structures contract more than
those of nanoparticles. For example, bond 1-1" of Cages; (2.732 A) is much smaller than that of Auss
(2.841 A); (iii) diameters of gold cages also shrink up to 4.9% compared with their solid particle
compartments. The Au—Au bond between undercoordinated atoms can be 30% shorter at a few outer
shells of gold nanoparticles than that of bulk !> and the atomic chain.** The spontaneous Au—Au bond
contraction at the surface has been confirmed thus by both the current DFT calculations”! and reported
experimental measurements.'> The coordination-resolved Au—Au bond contraction is insensitive to
the type of substrate support.’

The density of states (DOS) of three sizes of nanoparticles and their cages are shown in Fig. 2(a).
The valence band shifts up closing to Er (set as 0 eV) as the size decreases from Auss to Auys.
This trend has also been obtained from cuboctahedral gold particles in previous work.?! As expected
by Eq. (1), the polarization of the hollow cages is more significant than the particles since the
atoms in cages are even less-coordinated. As size decreases, the inter-atomic potential shifts deeper
accompanied with bond contraction as size decreases. The quantum entrapment has been evidenced
by the Au 4f core-level shift amounted at 40% from 2.86 to 4.0 eV with respect to the energy level of
an isolated atom at 81.50 eV.!>!® The valence charges of gold particles are polarized by the densely
trapped and tightly trapped core charge due to the deepened potential. Bulk gold is known to be the
noblest of all metals: unlike other transition metals of which the 5d band locates close to Fermi level
(Ep), the Au 5d orbitals were fully occupied deeply under Eg.** The polarization of valence charge
makes the smaller particles and hollow cages more easy to participate in the chemical reactions.

The calculation results of local density of states (LDOS) of each atomic layer are shown in
Fig. 2(b). The major valence charges of the outermost layer (1) are polarized to upper energy while
those of the inner layers (2 and 3) remain in the bulk nature. Results indicate that electrons of
the undercoordinated surface atoms engage mainly in the catalytic reactions, in accordance with
experimental observations.*> The Au valance bands of the Au monomer and dimer,* monatomic
chain end,*¢ smaller NPs,?! narrower nanowire,*’ and thinner layers of adatoms*® have been revealed
to be polarized to upper energy compared with that of bulk gold as observed using scanning tunneling
spectroscopy.

The energy barrier of CO oxidation without a catalyst is calculated as high as 40.9 kcal/mol. In
the Langmuir-Hinshelwood mechanism, there are two possible pathways argued: an indirect pathway
in which O, initially undergoes O—-O bond cleavage'' and a direct pathway in which the absorbed
0, directly reacts with CO first.>>-31-35 Hence, in this case, we considered two pathways (Paths 1
and 2) for calculation. Path 1 corresponds to an indirect mechanism that involves initial homolytic
cleavage of O, on the gold surface and the resultant [O] oxidizes CO. Path 2 is a direct pathway on
which O; on the gold surface directly oxidizes CO. The energy profiles for Paths 1 and 2 are shown
in Figures 3(a) and 3(b), respectively. Auss and Auj3 have unpaired electron. Moreover, O, prefer
triplet states. Therefore, we considered both high and low spin states for the reactions. The energy

(a) Aus5 \ (b) —1@Au13
..... Cage42 AN —2@Au13
Aut3 A
----- Cage12
1) ! 72 B¢ X
o ; - i 8
A s \ 9
Y/ / —TeAwS
i \ —— 2@AuS5
L XX& —— 3@AuS5
...... , P
-10 -8 -6 -4 -2 0 2 8 -6 -4 -2 0
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FIG. 2. (a) Comparison of the resultant DOS of the solid nanoparticles (solid lines) and the hollow cages (dashed lines). (b)
Atomic layer resolved LDOS of the Aujz and Auss structures.
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FIG. 3. (a) Energy profile for the reaction of Auss in Path 1 (indirect path). MS1: absorption of O and CO on gold; TS1:
0-0 dissociation; TS2: O rotation; and (b) Path 2 (direct path). TS1: O rotation towards CO; TS2: O-O dissociation by CO.
(c) Energy profile of direct path of Cagey, in the singlet and triplet spin states. (d) Energy profile of indirect path of Cage;.

barrier is calculated by “energy span”: the energy difference between highest and lowest energy in
the reaction path.*

Calculation results of reaction paths for gold nanoparticles and cages are representatively shown
in Fig. 3. CO oxidation in the Langmuir-Hinshelwood mechanism prefers the direct reaction path for
Auss and Augy, and the indirect reaction path for Aujs and Auy;, respectively. This is partially due
to the less stability of the extremely small cages and nanoparticles. Direct path has more advantages
as discussed below. For Auss, as shown in Figs. 3(a) and 3(b), Path 2 has a lower total energy
barrier (13.6 kcal/mol) than Path 1 (28.8 kcal/mol). In Path 1, the barrier is determined by the O-O
dissociation on gold, whereas in Path 2, the energy barrier is determined by O, rotation towards
CO (13.6 Kcal/mol) and also O-O dissociation energy (13.5 Kcal/mol). In Path 2, O-O dissociation
energy is much lowered than Path 1 with the aid of C attraction. Thus, direct path is more favorable
in relatively large nanoparticles and nanocages.

Unexpectedly, although O, prefers a spin-triplet state, low spin states are all preferred by nanopar-
ticles and nanocages. As shown in Fig. 3(c), Cages; has a lower energy barrier of 8.0 kcal/mol than
triplet state (15.9 kcal/mol) in the reaction than triplet state. The absorption of O, and CO on Cages;
directly leads to an O,—CO-interacting MS in singlet state, while an energy barrier exists when
O, approaches to CO in triplet state. Cagesn and Cagej, structures are stable in the catalytic pro-
cess. Lower spin states are more favorable since the local O, molecular orbitals are mixed with the
delocalized 5d orbitals in high-symmetric gold nanoparticles and nanocages.

Mulliken charge analysis shows that for doublet spin state in Path 2, Auss donates 0.33 e™ in
MS2 and 0.55 e in FS, while O, accepts 0.52 e~ in MS2 and [O] accepts 0.55 €™ in FS. In singlet
spin, Cages, donates 0.44 ¢~ in MS and 0.57 €™ in FS, while O, accepts 0.63 e in MS and [O] accepts
0.57 e” in FS. The charge transfer indicates that the electron donation ability of gold determines the
activity of the O, in the reaction. Charge polarizations of cages are more significant than those of
solid nanoparticles, leading to the better catalysis.

The absorption energy of CO and O, to gold is Eupsorb = Ems — Enmitial- Eapsorp Of the
gold nanostructures are all negative, indicating that the absorption capability of the surface gold
atoms is enhanced from the inert bulky gold. The activation energy of the chemical reaction is
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FIG. 4. (a) Comparison of the favorable reaction paths of Auss, Cagess, Au;3, and Cagej,. (b) Comparison of the favorable
activation energy of Auss, Cagesn, Aujz, and Cagej, for both low and high spin states.

E ciive = ETs — Es. Results in Fig. 4 show that the activation energies of Cage, (5.1 Kcal/mol) and
Aujs (6.5 Kcal/mol) are much lower than that of Cages; (8 Kcal/mol) and Auss (13.6 Kcal/mol),
indicating the better catalytic capability of the even undercoordinated Cage;, and Aujs. Fig. 4 shows
that the absorption ability of CO and O, increases from 22.7 Kcal/mol of Auss to 30.2 Kcal/mol of
Cagey,.

Structural fluxionality occurs in hollow cages but it is not significant. For Cages;, the local
average Au—Au bond length of TS at the absorption sites is 2.788, 3.2% less than the bond length
of bulk. For Cage)», the local average bond length at the absorption sites of TS is 2.761, 4.1% less
than the bond length of bulk. Although the local bond lengths of TS expand compared with the bare
cages, they are still less than the bulk length. Combined with the Mulliken charge results, the local
bond contraction induced valence charge polarization of gold cage should dominate the catalytic
behaviors.

Combined with the results in Figs. 2 and 4, more significant polarization of the valence charges
takes the responsibility of the better catalytic properties of smaller-size Cage|, and Au;3. Besides,
the activation energy is reduced from solid particles to hollow cages, since the valence charge polar-
ization of cages is higher due to the even lower coordination. Experimentally observed valence band
polarization of Au adatom on TiOx/Mo(112) surface and their catalytic capability measured by the
TOF also verify the polarization-catalysis correlation.?” The polarization of the valence 4d electrons
associated with the undercoordinated atoms in the skin of metal nanostructures has been verified as
the key for donor-type catalyst like Rh adatoms.?” The intrinsic activity of perovskite oxide in oxygen
evolution reaction also exhibits a strong dependence on the occupancy of the 3d band.’® When the
diameter of CTAB-stabilized gold nanoparticle decreases from 56 to 13 nm, the catalytic reaction
rate increases from 1.0 x 107 s7! to 6.1 x 1073 s~! for p-nitrophenol to p-aminophenol reaction.’!
Doping Pt atoms or 4% compression on gold helical nanowires can decrease the O, dissociation
barriers from 0.85 eV to a more desired 0.6 eV.>

In summary, consistency between the theoretical prediction and DFT calculations affirmed the
size-dependent surface lattice strain, quantum entrapment, valence charge polarization, and catalytic
enhancement of gold particles and cages. The LDOS polarization under Er witnesses the significance
of the ill-coordinated atoms. We particularly emphasized that the under-coordinated surface atoms
associated with bond contraction, quantum entrapment, and valence charge polarization dictate the
catalytic performance of gold. The polarization of valence band makes the donor-type catalyst more
active to lose electrons and engage in the catalytic process. The findings herewith contribute to the
understanding of the intrinsic mechanism of catalytic enhancement of undercoordination.
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