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Abstract The effect of the exchange–correlation func-

tional on the molecular mechanism of dioxygen

dissociation by Au nanoparticles is investigated using three

Au nanoparticles of increasing size (Au25, Au38 and Au79)

and various exchange–correlation functionals (local density

approach, PW91, PBE and RevPBE. The effect of the

exchange–correlation functional on the calculated adsorp-

tion energies is quite large and systematic whereas the

effect on the calculated energy barriers is much smaller.

Implications for the molecular mechanism of O2 dissocia-

tion, involving a competition between desorption and

dissociation, are analyzed and discussed in detail.

Keywords Nanogold � Nanocatalysis � DFT �
O2 dissociation

1 Introduction

The discovery that Au nanoparticles with diameter in the

range 1–10 nm exhibit unexpected catalytic properties,

such as the low temperature oxidation of CO [1–23] has

triggered a renewed gold rush [2, 4], but now the chemical

activity of this noble element and its possible use in

practical applications in the chemical industry being the

key question. In fact, the possible use of Au in catalysis is

now being actively investigated for both heterogeneously

and homogeneously catalyzed reactions [5–7]. For the

former, significant advances have been achieved in the

recent years for various technologically or environmentally

relevant reactions. For instance, one can mention carbon–

carbon bond formation and reactions of alkynes and

alkenes [8–10], the water gas shift reaction catalyzed by

Au supported on ceria [11, 12], the challenging chemose-

lective reduction of nitro groups on mild conditions

catalyzed by Au supported on anatase, which, in addition,

provides a route for the synthesis of the industrially rele-

vant cyclohexanone oxime from 1-nitro-1-cyclohexene

[13] and selective oxidation of olefins by initiators or

oxidant agents such as hydrogen peroxide or adsorbed

OOH intermediates [14–16] or, even more recently,

directly by dioxygen [17].

The analysis of the existing literature reveals that one of

the critical parameters is the small dimension of the gold

nanoparticles [5] although support effects have been found

to play also a key, and more important than earlier ima-

gined, role [18]. For example, the dissociation of SO2 on

Au nanoparticles supported on TiC(100) takes place read-

ily and the process is more efficient than when the Au

nanoparticles are supported on TiO2(110) and this system

is in turn much more efficient than when the support

consist of MgO(100) [19]. In a similar way, chemoselective

hydrogenation of substituted nitroaromatics implies a

subtle interaction between the gold nanoparticles and the

support [20] and this can be tuned to transform non

selective into chemoselective metal catalysts [21]. From

these recent contributions it seems clear that the com-

plexity of gold supported catalysts appears to be higher
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than imagined, being governed not solely by size effects of

the supported gold nanoparticle. Therefore, isolating sup-

port from particle effects provides a precise knowledge of

the intrinsic reactivity of nanosized gold nanoparticles that

it is likely to open a way to improve the properties of gold

supported catalysts. For the hydrogenation reactions, the

first step implies molecular hydrogen dissociation and it

has been recently shown that the necessary and sufficient

condition for this process to occur on gold nanoparticles is

the presence of low coordinated gold atoms [22]. This

conclusion is derived from density functional theory based

calculations carried out on a series of Au nanoparticles and

of Au stepped surfaces which show that low coordinated

Au atoms efficiently split molecular hydrogen without

noticeable energy barriers. Here, the need for nanosized

nanoparticles seems to be important just to maximize the

number of these active sites. The case of selective oxida-

tion reactions catalyzed by gold nanoparticles seems to be

more complicated and the particular activity of Au nano-

particles attributed to different origins. Hence, some

authors suggested that the enhanced catalytic activity of

small Au nanoparticles is due to the increase of low

coordinated sites with the decrease of the particle size [23].

However, these conclusions come from the study of step-

ped surfaces and of a small Au10 cluster only [24] or from a

rather indirect experimental evidence [25]. Several other

authors have also used density functional theory calcula-

tions to address the problem of molecular oxygen

dissociation by Au nanoparticles but the available infor-

mation is quite scattered and non systematic. Thus, Wang

and Gong [26] found that an icosahedral Au32 cluster is

able to dissociate molecular oxygen but the dissociation

pathway and the corresponding energy barriers were not

reported. A more systematic work is reported by Barrio

et al. [27] who also found that small Au clusters (Au14,

Au25 and Au28) activate O2 but, again, without providing

details about the molecular mechanism of O2 dissociation.

In a recent work, Turner et al. [17] have presented strong

experimental evidence that Au nanoparticles derived from

Au55 are able to dissociate molecular oxygen, the first step

toward partial oxidation of styrene by dioxygen. However,

these authors have also shown that the supported particles

are spread in a range of sizes making it difficult to assign

the observed catalytic activity to a particular particle or set

of particles. Nevertheless, an important conclusion from

this work is the firm conclusion that a sharp size threshold

exist for the catalytic activity, and that particles with

diameters of * 2 nm and above are completely inactive.

In a recent work, density functional theory based cal-

culations carried out for a series of models including Au

nanoparticles, Au stepped and extended surfaces have lead

to the conclusion that the presence of low coordinate Au

atoms is not enough to dissociate O2 and that there is a

critical size for Au nanoparticles to dissociate O2 [28].

These conclusions are based on the computed energy bar-

riers obtained for molecular oxygen dissociation as a

function of particle size and taking also into account the

desorption energy of the adsorbed molecule. Nevertheless,

one must be aware of the fact that these calculations are

based on a given approximation to the exact unknown

exchange–correlation potential and one may wonder whe-

ther the use of a different form for this potential may lead

to qualitative changes in the description. For chemical

reactions on extended metallic surfaces there is compelling

evidence that differences in the adsorption energies, which

may be large and are inherent to the use of a different form

of the exchange–correlation potential, do not imply

noticeable changes in the calculated reaction rates [29–31].

In the present work, we investigate the influence of the

exchange–correlation potential on the calculated energy

barriers for the dissociation of molecular oxygen on several

Au nanoparticles. We will show that, as in the case of

extended surfaces [29–31], the adsorption energy depends

rather strongly of the particular density functional theory

method used. However, this dependence does not largely

affect the calculated energy barriers and, as a consequence,

previous conclusions about the critical size for molecular

oxygen dissociation by Au nanoparticles are further

supported.

2 Nanoparticle models and computational details

The effect of the exchange–correlation potential (Exc[q])

on the description of the molecular mechanism of O2 dis-

sociation on Au nanoparticles has been studied on Au25,

Au38 and Au79 nanoparticles using periodic density func-

tional theory plane-wave calculations following the

procedure previously used in [28]. Single particles have

been modeled by placing them in the center of a large

enough supercell, with a vacuum space of 1 nm in all

directions to avoid interactions between species in the

neighboring cells. The use of periodically repeated single

particles may seem artificial to readers used to the methods

of molecular quantum chemistry but it is a necessary

requirement when using a plane-wave basis set, which span

the whole space with the periodicity imposed by the chosen

unit cell. Nevertheless, this supercell approach has been

found to be an efficient way to study the atomic and

electronic structure of rather large nanoparticles of coinage

metals [32], Pd [33] or of ceria [34–36].

The calculations reported in the present work have been

carried out using the VASP code [37, 38] and the total

energy has been computed using the local density approach

(LDA) to the Exc[q] [39], and three different forms of the

generalized gradient approach (GGA). These are the
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widely used functional due to Perdew and Wang (PW91)

[40–42], the so-called PBE functional [43] and the revision

of the PBE due to Zhang and Yang [44] hereafter referred

to as RevPBE. The PBE functional has been introduced to

overcome six shortcomings of the PW91 one and includes

an accurate description of the linear response of the uni-

form electron gas, correct behavior under uniform scaling,

a smoother potential and a simpler form. The revision of

the PBE exchange–correlation functional by Zhang and

Yang intended to improve the PBE atomization energies

although Hammer et al. [31] have later shown that this

functional also leads to improved adsorption energies of

atoms and molecules on transition metal surfaces. Here, it

is important to point out that Hammer et al. [31] also

proposed a slightly different form of the RevPBE, usually

termed RPBE, which provides essentially the same results

of the RevPBE but, in addition, fulfills the Lieb-Oxford

criterion locally. Despite the fact that PW91 and PBE have

different analytical forms, it is commonly assumed that

they will produce essentially the same results and, conse-

quently, it is hard to find papers where the two functionals

are used and compared. However, there is also increasing

evidence that these two functionals are not so equivalent

when surface effects are present [45]. This is one of the

reasons to investigate their performance in the description

of molecular oxygen dissociation catalyzed by Au nano-

particles. The effect of the core electrons on the valence

electron density was described by projector augmented

wave (PAW) method [46] as implemented by Kresse and

Joubert [47] and the cut off for the kinetic energy of the

plane-wave basis set has been set to 415 eV, considering

only the C-point of the reciprocal space. This is a typical

value for the cutoff energy and ensures that, for the pur-

poses of the present work, the calculated energies are

sufficiently converged [48–50]. Except for the RevPBE

functional, total energy calculations were always carried

out using the PAW core potentials derived from the Exc[q].

For the calculations using the RevPBE functional we used

the PBE derived PAW potentials. A Gaussian smearing

technique with a 0.2-eV width has been applied to enhance

convergence but all energies presented below have been

obtained by extrapolating to zero smearing (0 K).

The Au38 and Au79 particles have a cuboctahedral shape

and were initially cut from the bulk so as to exhibit low-

index planes and their atomic structure fully optimized

either in absence or presence of molecular oxygen. The

Au25 particle is just one half of the Au38 unit and is rep-

resentative of a supported particle. From the various

possible ways of molecular adsorption and dissociation on

different sites of these particles we have always considered

the one which was found to be the minimum energy

pathway. This involves the adsorption of the O2 molecule

with the O atoms above bridge sites of a square in an (100)

facet and, next, the internuclear distance of the molecule

(dO–O) increases in such a way that the final state corre-

sponds to O atoms in threefold hollow sites of the (111)

facets (Fig. 1). In order to better understand the effect of

particle size on the adsorption energy of O2, calculations

were also carried out for a slab model representing the

extended Au(001) surface. The Au(001) slab has been

constructed using the lattice parameter corresponding to

each functional, it contains four atomic layers interleaved

with a vacuum width of 1 nm. The two outermost atomic

layers have been always relaxed whereas the other two

ones are fixed as in the bulk. For the interaction with O2, a

5 9 5 supercell was used resulting in a coverage of atomic

oxygen of 0.11. For the slab calculations, a 3 9 3 9 1 grid

of Monkhorst–Pack special k-points [51] has been used to

carry out the integration in the reciprocal space. For such

large supercells, this grid of special k-points has been found

to be dense enough to produce essentially converged rel-

ative energies up to 0.01 eV [48, 49]. Except for the

isolated O2 molecule, calculations have been always car-

ried out without spin polarization. Test calculations for a

series of structures have proven that for the Aun nanopar-

ticles and O2–Aun complexes spin polarization effects can

be neglected.

Transition state (TS) structures were located through the

climbing image nudged elastic band (cNEB) method [52–

54]. All minima on the potential energy surface were

relaxed until self-consistent forces were lower than

0.03 eV/Å and TS structures were fully characterized with

the pertinent vibration analysis making sure that TS

structures show a single normal mode associated with an

imaginary frequency. The calculated vibration frequencies

were also used to obtain zero point energy (ZPE) correc-

tions. Consequently, all energies reported in the present

work include the ZPE correction. Finally, the rate constant

for the O2 dissociation elementary step (k) has been

roughly estimated from the TS theory using the calculated

vibrational frequencies of reactants and TS species to

Fig. 1 (left) Molecular oxygen adsorbed on Au38 (001) facet (square)

and (right) atomic oxygen adsorbed on Au38 (111) facets (hexagon),

respectively
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estimate the entropy contribution to the free energy vari-

ation in terms of vibrational partition functions [55].

Hence,

k ¼ kBT

h

� �
q#

q

� �
e
�Ebarr

kBT ð1Þ

where kB is the Boltzmann constant, T is the absolute

temperature, q# and q are the vibrational partition functions

for the TS and initial state, respectively, and Ebarr is the

activation energy of the elementary step corrected with the

ZPE.

3 Results and discussion

In order to facilitate the discussion we will consider first the

adsorption energy of the oxygen molecule on each nano-

particle and next we will focus on the calculated energy

barriers and their dependence on the exchange–correlation

potential. Here, let us just add that the calculated values for

the equilibrium internuclear distance of the isolated oxygen

molecule (dO–O) predicted by the different exchange–

correlation potentials (LDA dO–O = 1.218 Å; PW91

dO–O = 1.235 Å and PBE or RevPBE dO–O = 1.244 Å) is

quite close to the experimental value which is 1.207 Å [56].

3.1 Effect of the exchange–correlation potential

on the adsorption energy of molecular

and atomic oxygen

The adsorption energy of O2 on each particle has been

obtained from the ZPE corrected energy difference

between the Aun nanoparticle and of O2 at their equilib-

rium geometry and the minimum energy of the O2–Aun

complex. Molecular oxygen has been placed above dif-

ferent sites such as corners, edges and surfaces but the best

configuration always correspond to adsorption near the

four low-coordinate atoms of the (100) facet. In a similar

way we also considered the relative stability of two sep-

arated atomic oxygen atoms which, as in the case of the

Au(111) surface [49], tend to occupy the three hollow sites

of the (111) facets. The structures of the adsorbed mole-

cule and of the separated oxygen atoms provide the

starting point for the TS search through the cNEB

algorithm.

The optimized adsorption geometries of the O2–Aun

complex do not exhibit significant differences either with

respect to the particle size or with respect to functional,

dO–O is 1.46 ± 0.02 Å and the nearest Au–O distance

(dAu–O) is 2.27 ± 0.07 Å. The noticeable elongation of the

O–O distance is a clear indication of bond weakening,

whereas the rather short dAu–O distances seem to indicate a

rather strong interaction. However, the calculated values of

the adsorption energy (Eads) exhibit noticeable differences

with both particle size and exchange–correlation potential.

For the LDA functional, the calculated Eads value for Au79

is very close to that of the Au(001) surface indicating

convergence with respect to cluster size. However, this is

not the case for the three GGA functionals which all predict

Eads values for Au79 quite far from the one corresponding

to Au(001). Nevertheless, a word of caution is necessary in

the view of the positive Eads values predicted by the GGA

functionals for Au(001) which indicate that O2 will not

adsorb on this surface.

Next, let us consider the effect of the exchange–corre-

lation functional in some more detail. Table 1 summarizes

the Eads values obtained for each particle using the different

functionals. In general, the Eads values follow the trend

LDA [ PW91 [ PBE [ RevPBE with the LDA values

clearly overestimated since they predict quite a strong

adsorption of O2 on Au(001) in clear disagreement with

experiment. The interaction of O2 with the Au25, Au38 and

Au79 nanoparticles follows the trends described by Hammer

et al. [31] for the interaction of oxygen, CO and NO with

late transition metal surfaces. Table 1 also reports the dif-

ference in adsorption energy on going from one functional

to the next. Thus DLDA is the difference in Eads between

LDA and PW91 whereas DPW91 is the difference between

PBE and PW91 and DPBE the difference between RevPBE

and PBE. The analysis of Table 1 shows that the differ-

ences in Eads between the different functionals seem to

follow a systematic trend with DLDA = 0.75 ± 0.10 eV,

DPW91 = 0.18 ± 0.03 eV and DPBE = 0.40 ± 0.04 eV.

The differences are large enough to lead to qualitative dif-

ferences regarding the adsorption energy of O2 on the three

nanoparticles, exothermic or endothermic depending on the

exchange–correlation potential except for the Au38 particle

which is predicted to be the one interacting stronger with

this molecule. In spite of these important differences, the

trend predicted by the different functionals regarding the

effect of the particle size is the same, Eads(Au38) [ Ead-

s(Au79) [ Eads(Au25). Strong similarities are also found

regarding the charge transfer between the Au nanoparticle

and the oxygen molecule which has been estimated using

the Bader analysis [57]. The three nanoparticles have core

and shell atoms, two shells for Au25 and Au38 and three for

Au79. The Au25 particles has five core atoms, four in

equatorial plane positive and one near the (001) facet; Au38

has six core atoms, four in equatorial plane positive and two

perpendiculars to this plane. The interaction with molecular

oxygen distorts the Au nanoparticles so that one more shell

appears in the radial distribution. Figure 2 (top panel)

reports the charge distribution for the Au atoms as a func-

tion of the radial distribution. In general, all functionals

predict a substantial amount of charge transfer of an

approximately -0.9e to the oxygen molecule, the positive
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charge on the metal atoms tending to accumulate on those

close to the oxygen atoms. The charge distribution per atom

as a function of radial atomic distance in Fig. 2 also pro-

vides information on how each particle modifies his

structure upon adsorption, this is clear from the scattering of

dots, in the Au25 and Au38 particles the gold atoms inter-

acting with oxygen increase the gold–gold distances

whereas in the Au79 particle the atoms interacting with

oxygen get closer to the particle core. In all cases, the Au

atoms directly interacting with oxygen acquire some posi-

tive charge with the missing electron density being donated

to the neighboring metallic atoms.

3.2 Effect of the exchange–correlation potential

on the energy barrier for O2 dissociation

Figure 3 displays the energy profile corresponding to the

molecular oxygen dissociation pathway as a function of the

particle size and for the different exchange–correlation

functionals. Let us start the discussion by considering the

final state where the two oxygen atoms are well separated.

The effect of the exchange–correlation potential on the

final state follows almost the same trend described in the

previous subsection for the initial state, except for the LDA

value for the smallest Au25 particle. This is because the

presence of adsorbed atomic oxygen has a large effect on

the structure of this particle. However, increasing the par-

ticles size leads to a considerable decrease in the particle

ability to deform and this also influences the dO–O at the TS

which decreases with increasing the particle size from

dO–O = 2.02 Å for Au25 to dO–O = 1.98 Å and dO–O =

1.94 Å, for Au38 and Au79, respectively, and for the PW91

functional. The influence of the functional on the TS

structure is not very important; LDA gives the smaller dO–O

followed by PBE, RevPBE and PW91.

The energy barrier for O2 dissociation (DE#) is obtained

by subtracting the total energy of the Aun–O2 complex

from the total energy of the TS structure, both corrected by

ZPE. From the energy profiles in Fig. 3 and the reported

DE# values we first notice that the PW91 energy barriers

are significantly smaller than the one corresponding to the

regular Au(111) [50] and the stepped Au(321) surface [58,

59] as expected from the well known different reactivity of

Au extended surfaces and Au nanoparticles [1–23]. For the

case of H2 dissociation this difference can be explained in

terms of low coordinated sites and, hence, it is predicted

that Au(321) will be able to dissociate H2 with a small

energy barrier [22]. This is not the case for the O2 disso-

ciation where recent work has shown that the existence of

these low coordinated sites is not enough to dissociate O2.

Therefore, in the case of O2 dissociation by Au nanopar-

ticles electronic confinement must play a key role.

The influence of the exchange–correlation potential on

the energy barriers is really small, especially for the three

GGA functionals. In fact the differences do not exceed

0.04 eV for Au25 and Au38 and 0.08 eV for Au79. The

differences between the three GGA barriers and the LDA

one are somehow larger but never exceeding 0.15 eV. This

is a very important result since it indicates that, for a given

system, the energy barrier does not largely depend on the

exchange–correlation potential and hence, the qualitative

description of the dissociation process remains essentially

unchanged. This conclusion is further confirmed by the

calculated values of the rate constants for the dissociation

step reported in Table 2. However, one must also realize

that molecular oxygen dissociation will only take place

when the energy barrier is smaller than the energy required

for the molecule to desorb. This is only fulfilled by the

Au38 particle, in agreement with previous work based on

the PW91 only [28], but this conclusion holds also when

considering the PW91 and PBE functionals. For the Rev-

PBE, the adsorption energy becomes always too small,

especially when compared with the energy barrier for

dissociation. Nevertheless, for the Au38 particle this energy

difference becomes 0.19 eV, well within the error bar for

chemisorption energies reported for the RevPBE functional

[31], indicating that desorption and dissociation may

compete and that the later can be effective when the O2

pressure is enough to maintain a covered surface. Here, an

important question concerns the accuracy of the calculated

RevPBE adsorption energies. From the work of Hammer

et al. [31] one would expect that the RevPBE values are

more accurate although one must also admit that this is

based in a rather limited database which does not take into

account energy barriers nor does it include calculations for

nanoparticles. However, the fact that present values have

been obtained using the PBE derived PAW core potentials

and the rather large difference between the PBE and

RevPBE adsorption energies suggest that the latter are

probably underestimated.

Table 1 Adsorption energy (Eads/eV) for O2 adsorption on the (001)

facets of Au25, Au38 and Au79 and for LDA, PW91, PBE and RevPBE

functional

Eads/eV

LDA PW91/DLDAa PBE/DPW91b RevPBE/DPBEc

Au25 -0.682 0.024/0.706 0.194/0.218 0.576/0.382

Au38 -1.754 -0.906/0.848 -0.719/0.187 -0.278/0.441

Au79 -0.943 -0.191/0.752 0.011/0.202 0.367/0.378

Au(001) -0.840 0.194/1.034 0.357/0.163 0.805/0.448

Results for the extended Au(001) surface are included for comparison
a DLDA is the difference in Eads between LDA and PW91
b DPW91 is the difference between PBE and PW91
c DPBE is the difference between RevPBE and PBE
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To end this discussion we will only add that the disso-

ciation process is accompanied by an increase in the charge

transfer from the particle to oxygen molecule as indicated

in Fig. 2. Here, the influence of the exchange–correlation

functional is less important and will not be further

commented. We will only add that the PW91 charge

transfer at the TS is the smallest for Au79 which seems to

be the reason for the high reaction barrier. In fact, the

charge transfer increases from 0.94 and 0.88 e in the

adsorbed state for Au25 to Au38 to 1.21 e at the TS but

decreases from 0.88 e in the adsorbed state to 0.78 e at the

TS for the Au79. However, the charge transfer at the dis-

sociated state is almost the same (*1.5 e) for all particles.

4 Conclusions

Density functional calculations carried out for the adsorp-

tion and dissociation of molecular oxygen on three Au

nanoparticles of modest size (Au25, Au38 and Au79) evi-

dences that the adsorption energy is rather strongly

dependent on the exchange–correlation functional chosen.

The tendency of LDA to strongly overestimate the

adsorption energy reported by various authors [60–64] is

confirmed for the case of O2 adsorption on Au nanoparti-

cles. The difference between the predictions of the three

GGA functionals is smaller than from these to GGA but

Fig. 2 Atomic charges on Au

atoms as a function of radial

atomic distribution (in

angstrom) for the Au25, Au38

and Au79 particles obtained

from the Bader analysis of the

PW91 density functional. The

total charge transfer (CT) is also

shown. The (001) gold atoms

interacting with the O2 molecule

are identified with filled points

Fig. 3 Profile to dissociate O2 on the (001) particle facets. Further-

more the effect of exchange–correlation was plotted: LDA, PW91,

PBE and RevPBE

Table 2 Calculated rate constants for the dissociation step as a

function of the particle size and of the exchange–correlation

functional

k/s

LDA PW91 PBE RevPBE

Au25 3.81 9 108 1.40 9 108 8.94 9 107 3.12 9 107

Au38 4.23 9 105 1.83 9 105 6.97 9 104 2.04 9 104

Au79 1.05 9 107 6.34 9 105 4.54 9 105 1.68 9 104
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noticeable, the PW91 values being larger than the PBE by

roughly 0.20 eV and those are larger than the RevPBE by

about 0.35 eV. The deviations are found to be systematic

and, hence, the main trends remain unaltered. The influ-

ence of the exchange–correlation functional on the energy

barriers for O2 dissociations are, however, much smaller.

On the one hand this is a good new since it indicates that,

for a given system, the description of this elementary step

does not depend on the choice of the functional. On the

other hand, this different behavior of chemisorption ener-

gies and energy barriers with respect to the exchange–

correlation functional has some undesirable effects, espe-

cially when the competition between adsorption and

dissociation becomes crucial as is the case here for O2

dissociation on Au nanoparticles. Nevertheless, the calcu-

lated results confirm previous work indicating that there is

a critical size for the Au nanoparticles to efficiently dis-

sociate O2 [28]. In fact, PW91 and PBE calculations show

that Au38 is the only particle where O2 dissociation clearly

dominates over O2 dissociation whereas RevPBE calcula-

tions point to a less clear trend although still indicating that

dissociation may occur. This is not the case for the other

two Au nanoparticles where all functionals predict that

desorption will always take place.

Finally, the present calculations provide theoretical

support to recent experimental work indicating that direct

styrene epoxidation by dioxygen requires really small

particles [17], reinforces previous theoretical findings [29]

and is in agreement with the even more recent experi-

mental work of Hutchings and colleagues [65] showing that

subnanometer Au particles supported on FeOx are active

for CO oxidation.
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