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The adsorption and desorption kinetics of molecules is of significant fundamental and applied interest. In

this paper, we present a new method to quantify the energy barriers for the adsorption and desorption of

gas molecules on few-atom clusters, by exploiting reaction induced changes of the doping level of a gra-

phene substrate. The method is illustrated for oxygen adsorption on Au3 clusters. The gold clusters were

deposited on a graphene field effect transistor and exposed to O2. From the change in graphene’s elec-

tronic properties during adsorption, the energy barrier for the adsorption of O2 on Au3 is estimated to be

0.45 eV. Electric current pulses increase the temperature of the graphene strip in a controlled way and

provide the required thermal energy for oxygen desorption. The oxygen binding energy on Au3/graphene

is found to be 1.03 eV and the activation entropy is 1.4 meV K−1. The experimental values are compared

and interpreted on the basis of density functional theory calculations of the adsorption barrier, the

binding energy and the activation entropy. The large value of the activation entropy is explained by the

hindering effect that the adsorbed O2 has on the fluxional motion of the Au3 cluster.

Introduction

The adsorption of oxygen molecules on metals has been a
subject of intense experimental and computational research.
This is due in part to the fact that it represents the first step in
a wide range of industrially important chemical reactions,
such as ethylene epoxidation or CO oxidation in hetero-
geneous catalysis, or the oxygen reduction reaction in electro-
catalysis.1 Upon adsorption of O2 on metals, charge is trans-

ferred from the metal to the antibonding orbitals of the
oxygen molecule. Depending on the amount of transferred
charge, this results either in elongation or dissociation of the
intramolecular bond and it activates the molecule for oxidative
reactions. In order to get a complete picture of this process,
both O2 adsorption and desorption on metal surfaces have been
studied experimentally. O2 adsorption can be studied by the
King–Wells technique to measure the sticking probability2 and
O2 desorption can be studied by Temperature Programmed
Desorption (TPD).3 TPD can be used to determine the attempt
frequency and activation energy for desorption.4

In the past years, O2 activation on few-atom clusters has
attracted considerable attention, because the electronic and
geometric structure of these clusters are strongly size-depen-
dent, allowing to tune their chemical reactivities.5,6 Lei et al.
used Ag3 clusters as a catalyst for propylene epoxidation.7

Corma et al. showed that the oxidation of thiophenol to di-
sulfide can be catalyzed by Au3 clusters.8 Concepción et al.
found a cluster-size-dependent reactivity between Cu clusters
and oxygen.9 Probably the most studied oxidation reaction on
metal clusters is CO oxidation, which was shown to be cata-
lyzed by Pt and Au clusters.10–12

Despite the clear importance of few-atom clusters as oxy-
genation catalysts, few studies have experimentally investigated
the adsorption and desorption kinetics of molecular oxygen
on clusters. Sangnier et al. used TPD to study the desorption
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of O2 from Pt13 clusters, but the adsorption barrier was only
assessed computationally.13 Conversely, to the best of our
knowledge, there is only one experimental study on the
adsorption of O2 on deposited few-atom clusters, namely the
X-ray photoelectron spectroscopy study of Bower et al. on Sin
clusters (n = 10, 13 and 40–50).14 Likely, this lack of experi-
mental data is due to the low surface coverage of the deposited
clusters that is typically needed to prevent sintering, thus
resulting in low signals. Therefore, a sensitive technique which
can measure the adsorption kinetics of O2 on clusters is highly
desirable.

Graphene has been investigated extensively for gas sensing
applications because of its high sensitivity to adsorbed par-
ticles,15 which can be further improved by functionalization,16

introducing defects,17 or by forming composites with polymers
or metal oxides.18–20 It has been shown that different adsorbed
molecules have a different effect on the noise spectrum of gra-
phene, allowing to use graphene as a selective sensor.21 In
addition, graphene offers the advantage of outstanding stabi-
lity and thermal conductivity.22 Due to its low heat capacity,
the temperature of graphene can be increased significantly by
relatively small currents, maximizing energy efficiency.23–25 For
example, Scheerder et al. deposited Au3 clusters on graphene
and used current-induced heating to induce coalescence of the
deposited Au3 clusters.

26

In this work, we propose an innovative approach to study
the adsorption and desorption kinetics of molecules adsorbed
on clusters, making full use of graphene’s unique sensing and
thermal properties. In our original approach, graphene serves
both as a sensor and a heating element. Specifically, clusters
composed of three gold atoms were deposited on a Graphene
Field Effect Transistor (GFET). This functionalizes the gra-
phene strip as an oxygen detector, as was shown in a previous
publication by some of the authors.27 In the current article, we
develop this idea further by controlled in situ measurements
during the oxygen molecule adsorption and desorption pro-
cesses that allow to quantify the adsorption barrier, the de-
sorption energy as well as entropy changes during the desorp-
tion process, values that so far have been very challenging to
obtain experimentally.

Methodology

The experimental procedure of depositing few-atom clusters
on graphene devices was introduced in previous
publications.26,27 In brief, the electronic measurements were
done on a GFET, which consists of a graphene layer deposited
on top of a 300 nm SiO2 layer thermally grown on a heavily
doped silicon substrate. When a back-gate voltage Vg is applied
to the silicon substrate, an electric field induces charge car-
riers in the graphene strip, changing its resistivity. Au3 clusters
were deposited on these GFETs by the cluster beam deposition
(CBD) technique with controlled energy and density.
Magnetron sputtering of a gold target by Ar+ ions created a
plasma that condensed into gold clusters through collisions

with He carrier gas in a liquid nitrogen cooled condensation
chamber. After expansion into vacuum, anionic clusters were
guided towards a quadrupole mass spectrometer (QMS), which
selects Au3

− clusters with single atom precision. The size-
selected clusters are deposited on the GFET with a kinetic
energy distribution of (5 ± 3) eV per cluster or (1.7 ± 1.0) eV per
atom, as measured by a beam probe with a variable stopping
potential.26 According to ref. 28, a kinetic energy of 15.6 eV per
atom is needed for Au clusters to introduce defects in the gra-
phene. We therefore can assume that the Au clusters are soft
landed and do not introduce defects in the graphene. The de-
posited cluster density was quantified by integration of the
electric current on the sample during deposition.

Subsequently, O2 gas was introduced in the Ultra High
Vacuum (UHV) cluster deposition chamber through a needle
valve, causing a pressure rise from the base pressure of
3 × 10−9 mbar to 10−4 mbar. The electronic properties of the
graphene strip were monitored while exposing the sample with
the gold clusters to the O2 gas. After O2 exposure, the graphene
strip was heated in a controlled way by sending current pulses.
The electrical resistivity was measured between the current
pulses to quantify the oxygen desorption.

Electronic measurements

An optical microscope image of the used GFET is provided in
Fig. 1a. The GFET consists of a graphene flake with Au/Ti
current and voltage contacts on a SiO2/Si

++ substrate (see ESI†
for details about the lithographic fabrication of the GFET). By
applying a back-gate voltage difference Vg between the gra-
phene strip flake and the Si++ substrate, the graphene strip is
doped with electrons or holes, effectively changing its resis-
tivity. The sheet resistivity can be calculated as ρs = (VΔx/IB)·
(W/L), with VΔx the measured voltage difference between the
voltage contacts, IB the applied bias current (1 μA), and W and
L respectively the width (10 µm) and the length (21 µm) of the
rectangular flake. The dependence of the sheet resistivity on
the back-gate voltage Vg, called the field-effect characteristic
ρs(Vg), is shown by the blue curve in Fig. 1b for the virgin
device. The sheet resistivity is maximal at the charge neutrality
point VCNP. As a preparatory step, the device was annealed with
a large current of 3.1 mA (at even higher currents the field
effect characteristic becomes unstable), which corresponds to
a dissipated electric power of PE = V·I ≈ 28.2 mW. During the
annealing VCNP moved to a lower value. After annealing for
half an hour VCNP no longer moved and the annealing was
stopped (red curve in Fig. 1b). The clusters were deposited
with a density of 1014 clusters per cm2. The effect of Au3 depo-
sition on ρs(Vg) is illustrated in Fig. 1b. Because the Au3 clus-
ters dope the graphene strip with electrons (n-doping), VCNP
further shifted to lower values.26 Apart from the evolution in
VCNP, it should also be noted that the maximal sheet resistivity
also changed as a result of the applied actions. Upon anneal-
ing and cluster deposition, the maximal sheet resistivity
respectively decreased and increased. Since this maximal sheet
resistivity is mainly a measure of the presence of charged
impurities,29,30 we can conclude that current annealing
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reduced and cluster deposition increased the number of
charged impurities. The decrease in charged impurities can be
rationalized by the diffusion of resist residue upon annealing,23

and the increase by the fact that Au3 acts as a scattering center
for charge carriers in graphene, thereby inducing impurity scat-
tering and possibly phonon scattering.26 Also, some of the
charged clusters will land on insulating parts and will therefore
not lose their charge upon deposition, effectively inducing
mirror charges in the graphene strip, which can also serve as
charged impurities that will increase the maximal resistivity.
After the deposition, the evolution of the back-gate peak was
monitored by sweeping the back-gate voltage periodically and
by measuring the resultant change in sheet resistivity.

Sequential heating of the sample

After exposure of the sample to the oxygen gas, the desorption
of O2 molecules from the Au3 clusters was induced by increas-
ing the temperature of the graphene strip. The sample is
initially at room temperature and heated by current pulses

from 0.1 mA to 2.3 mA, increased in steps of 0.1 mA and sus-
tained for a time Δt of 20 s. A pause of 1 s between each
heating step allows the graphene strip to return to room temp-
erature and to measure its resistivity. To relate the current to
the power dissipation and the temperature of the graphene
strip flake, a quantitative model developed by Bae et al. in ref.
24 was used. The obtained temperature profiles are non-
uniform over the graphene strip due to the back-gate depen-
dent resistivity. This non-uniformity is taken into account
when calculating the oxygen desorption barriers. More details
are provided in the ESI.†

Computational methodology

First-principles calculations in this work were performed with
the VASP package that uses plane wave basis sets.31–34

Projector-augmented wave (PAW) potentials describe the ion
cores.33 All the structures were relaxed using a 6 × 6 graphene
supercell with an energy cut-off of 400 eV. The Brillouin zone
was sampled on a 5 × 5 × 1 k-point mesh. A vacuum layer of
25 Å was used to avoid spurious interactions between the
neighboring cells. The structures were relaxed until the forces
between the atoms were lower than 25 meV Å−1. The general-
ized gradient approximation (GGA) exchange and correlation
functional of Perdew, Burke, and Ernzerhof (PBE) were
employed.35 To further account for the van der Waals (vdW)
interactions, the DFT-D2 methods of Grimme have been incor-
porated in the calculations.36 The parameters for the vdW
functional were taken from Sławińska et al. with vdW radii of
1.772 Å, 1.452 Å & 1.342 Å and dispersion coefficients of
40.62 J nm6 mol−1, 1.75 J nm6 mol−1 and 0.70 J nm6 mol−1 for
gold, carbon and oxygen atom, respectively.37 The pair inter-
action radius was set to 12 Å. The global scaling factor and
damping parameter were fixed to 0.75 and 20, respectively.
The minimum energy pathway for the O2 desorption reaction
was obtained by performing nudged elastic band (NEB) simu-
lations, with the spring constant value between the images set
to −5.

Ab initio molecular dynamics simulations were carried out
using the GPAW program,38,39 in conjunction with the Atomic
Simulation Environment.40 We used the 6 × 4 orthogonal cell
of graphene for the computations. The PBE functional and the
D3 dispersion correction41 together with the double-zeta polar-
ized local Gaussian type basis set42 were employed. The initial
velocities were assigned to the nuclei according to the
Maxwell–Boltzmann distribution at 300 K and the Nosé–
Hoover thermostat was employed. 10 ps simulations were com-
pleted using a timestep of 1 fs. The entropies were estimated
based on the Vibrational Density of States computed from the
Velocity-Autocorrelation Function, as described in ref. 43.
Further details are available in the ESI.†

Kinetics model

The adsorption or desorption of the O2 molecules on the Au3
cluster is quantified by changes in the graphene doping level.

Fig. 1 (a) False-colored optical microscope image of a typical GFET.
The white scalebar indicates 10 µm. The graphene strip is colored green.
A bias current IB is applied horizontally through the current contacts (I+
and I−). The voltage drop VΔx is measured over the voltage contacts (V+
and V−) in the longitudinal direction. By applying a back-gate voltage Vg

the charge carrier density, and consequently the resistivity, of the gra-
phene strip flake can be varied. (b) Comparison of the field-effect
characteristic ρs(Vg) of the pristine graphene device, the device after
current annealing at 3.1 mA, after deposition of Au3 with a density of
1014 clusters per cm2 and after 48 hours of O2 exposure.
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Such change in doping results in a shift of the charge neu-
trality point VCNP. Below, expressions are derived that allow to
directly relate the shift of the VCNP with the thermodynamic
quantities of adsorption and desorption processes.

Doping of the graphene strip

It has been demonstrated that every deposited Au3 cluster
induces εe electrons (with εe > 0, n-doping) and every Au3–O2

complex εh electrons (with εh < 0, p-doping) in the graphene
strip.27 Consequently, εtot the total number of induced elec-
trons in the graphene strip, equals εeNAu3

+ εhNAu3O2
, with NAu3

the number of bare Au3 clusters and NAu3O2
the number of

Au3–O2 complexes. Upon adsorption of one O2 molecule on a
Au3 cluster, εtot changes by an amount εh − εe = εO2

. Therefore,
the change in induced number of electrons Δεtot during
oxygen adsorption equals εO2

Na, with Na the number of oxygen
adsorption events. It is assumed that every Au3 cluster can
accommodate only one oxygen molecule. DFT calculations
have shown that the adsorption of two or more oxygen mole-
cules on the Au3 cluster is not stable at room temperature on
the timescale of minutes. Pristine graphene devices (without
gold clusters) were found not to respond to the O2 gas at the
used pressure of 10−4 mbar, which is consistent with calcu-
lated very small O2 binding energies (order of 0.1 eV),44 imply-
ing no stable oxygen binding on pristine graphene at room
temperature.

Graphene doping results in a shift in charge neutrality
point ΔVCNP:27

Δεtot ¼ �αAΔVCNP ð1Þ
with α the SiO2 capacitance per unit area (7.2 × 1010 V−1 cm−2),
and A the area of the graphene strip between the voltage
probes (210 μm2). This equation can be used for either the
oxygen adsorption process, when Δεtot equals εO2

Na, or for the
desorption process when Δεtot equals −εO2

Nd with Nd the
number of oxygen desorption events.

Reaction kinetics

If there is no sequential adsorption of molecular oxygen and
no oxygen desorption takes place, the only relevant reaction
during oxygen exposure is Au3/G + O2 → Au3O2/G, which takes
place at reaction rate va = −dNAu3

/dt. For an adsorption reac-
tion, where the reaction rate is constrained by the collision fre-
quency between the gas and the adsorption site, the reaction
rate can be approximated by collision theory:45

va ¼ Zρ expð�Ea=kbTÞ ð2Þ
With Z the collision frequency, ρ a dimensionless steric

factor and Ea the adsorption energy barrier. The collision fre-
quency of the O2 molecules with the Au3 cluster is given by
(see derivation in ESI†):

Z ¼ 3 � NAu3

nML

P
2

ffiffiffiffiffiffiffiffiffiffiffiffi
π

mkbT

r
ð3Þ

with P the pressure in the chamber (10−4 mbar), m the mass of
an O2 molecule, kB the Boltzmann constant, T the temperature

of the O2 gas during exposure (293 K), NAu3
the number of de-

posited clusters and nML the density of a Au monolayer (1.52 ×
1015 atoms per cm2).46 The time evolution of NAu3

and NAu3O2
is

then given by:

NAu3ðtÞ ¼ NAu3 ;0e
�bt ð4Þ

and

NAu3O2ðtÞ ¼ NAu3 ;0ð1� e�btÞ ð5Þ

with constants b ¼ 3P
2nML

ffiffiffiffiffiffiffiffiffiffiffiffi
π

mkbT

r
ρ exp �Ea=kBTð Þ and NAu3,0 the

number of deposited Au3 clusters.
Once the oxygen inlet is closed and the sample is heated,

only oxygen desorption takes place. Assuming the desorption
is a first order reaction Au3O2/G → Au3/G + O2, the reaction
rate is proportional to the amount of reactant:

vd ¼ kdNAu3O2 ð6Þ

where the reaction rate constant kd is given by the Eyring
equation:45

kd ¼ kBT
h

e�ΔG‡=kbT ð7Þ

with h the Planck constant and ΔG‡ = ΔH‡ − TΔS‡ the difference
in Gibbs free energy between bound state and transition state.
ΔH‡ is the enthalpy of activation (which, since our experiments
were done at constant pressure and volume, is equal to the
energy of activation ΔE‡) and ΔS‡ the entropy of activation. For
the temperature ranges that we are interested in (290–340 K),
the attempt frequency kBT/h is in the order of 6 × 1012 s−1, but
the reaction rate, and hence the desorption kinetics, can be sub-
stantially increased by a large ΔS‡. Under these conditions the
number of Au3O2 complexes on graphene evolves as:

NAu3O2ðtÞ ¼NAu3O2;ie
�kdt

¼ NAu3O2 ;i exp � kBT
h

exp
ΔS‡

kB

 !
exp �ΔE‡

kBT

 !
t

 !

¼ NAu3O2 ;iD t;Tð Þ
ð8Þ

where NAu3O2, i is the initial number of reactants before desorp-
tion. In other words, if the ensemble of reactants is kept at
temperature T, the number of surviving complexes after time t
equals the number of initial complexes times a factor, which
we call the desorption factor D(t, T ). In the experiment, the
sample is initially at room temperature and subsequently step-
wise heated for time interval Δt at increasing temperatures
T1, T2, T3,… with a pause between each heating step. Since
the sample is kept at room temperature for multiple hours
between the O2 exposure and the annealing routines, during
which there is almost no desorption, we can safely assume no
desorption takes place in the pause between heating steps.
Each temperature Tn corresponds to a desorption factor Dn(t,
Tn). After n heating steps, the number of remaining complexes
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will be NAu3O2,n = NAu3O2,iD1D2…Dn and the number of desorbed
molecules after each step is

Ndn ¼ NAu3O2 ;i ð1� D1D2…DnÞ ð9Þ
To account for the non-uniform temperature of the gra-

phene, the probed sample is numerically discretized in rec-
tangles and, assuming a constant initial density, the initial
number of O2–Au3 complexes is calculated per rectangle. For
each annealing step and for each rectangle, the desorption
factors are calculated and Ndn is obtained by summing the des-
orbed molecules of each rectangle. One must then start with
trial values for ΔE‡ and ΔS‡, calculate the desorption factors,
and iteratively obtain the values for Ndn.

Results and discussion
Adsorption kinetics

The adsorption of O2 molecules on Au3 clusters results in a
switch from n-doping of the graphene strip by the Au3 clusters
to p-doping by the Au3–O2 complexes.27 This is reflected in a
shift of the charge neutrality point to higher values during O2

exposure, as shown by the graph in Fig. 1. In Fig. 2, the shift
in charge neutrality point during the adsorption reaction
ΔaVCNP is given as a function of time. Combining eqn (1) and
(5), ΔaVCNP is given by:

ΔaVCNP ¼ Δa;maxVCNPð1� e�btÞ ð10Þ
with Δa,maxVCNP the theoretical maximum shift in VCNP caused
by oxygen adsorption, i.e. the shift of the charge neutrality
point if all Au3 clusters adsorb one oxygen molecule. The fitted
parameters for the oxygen exposure data shown in Fig. 2 are
Δa,maxVCNP = (3.9 ± 0.1) V and b = (6.1 ± 0.1) × 10−6 s−1.

With this value for parameter b, it can be calculated that
ρ exp(−Ea/kBT ) equals (5.11 ± 0.08) × 10−8. While the values for

ρ and exp(−Ea/kBT ) can not be separated, it is possible to make
some estimates for Ea by considering a broad realistic range
for ρ. If ρ is equal to unity, any collision between a Au3 cluster
and an oxygen molecule with enough kinetic energy to over-
come the adsorption barrier would result in a bound state. If ρ
is smaller than unity, the oxygen molecule and the Au3 cluster
need to have a specific orientation towards each other before
the collision can result in a bound state.

Given the symmetry of the oxygen molecule and the Au3
cluster, there are multiple collision configurations that will
result in a bound state. Therefore, it is reasonable to assume
that ρ will be close to unity. For a realistic ρ range from 1 to
0.1, one gets Ea = (0.45 ± 0.03) eV as experimental value for the
energy barrier for the adsorption of an oxygen molecule on an
Au3 cluster. The error range on Ea is a consequence of the
uncertainty on ρ and does not take into account other effects.
The obtained value for Δa,maxVCNP can be used to obtain an
experimental number of induced electrons εtot when every
cluster is occupied by an oxygen molecule by using formula
(1). By dividing with NAu3,0, based on the integration of current
on the sample during deposition, one obtains a change in
doping upon adsorption of a O2 molecule εO2

= (−0.0028 ±
0.0001) e.

Desorption kinetics

As discussed before, the oxygen could be desorbed by heating
the graphene strip with current pulses. Large current pulses
imply large source–drain biases which change the effective
potential applied across the silica, and hence the effective
back-gate voltage (see ESI† for more details). For this reason,
the resistivity of the graphene strip was measured in between
the current pulses. However, even in this case there is a back-
ground caused by hysteresis in the resistivity back-gate voltage
relation.47 To take this into account, the annealing measure-
ment was also done before oxygen exposure and this measure-
ment is used as a reference to eliminate the hysteresis.

A single annealing routine is performed as follows: first,
the back-gate voltage is set to a value that corresponds to the
point of highest derivative of the sheet resistivity peak, i.e. the
point where dρ/dVg is maximal. Then, an annealing current is
sent through the sample. The current is increased stepwise
from 0.1 to 2.3 mA in steps of 0.1 mA, each step lasting 20 s
and with a pause to let the sample cool down to room temp-
erature between the steps. After each step, the sheet resistivity
was measured with a bias current of 1 μA. This annealing cycle
is repeated twenty times. As explained in the ESI,† the values
for the measured changes in the sheet resistivity can be con-
verted to a shift in VCNP. In Fig. 3a, the shifts in VCNP obtained
for the first annealing cycle done before and after the oxygen
exposure are shown. As can be seen, VCNP also shifts with the
annealing current before oxygen exposure. This is caused by
the above-mentioned hysteretic effect (and not by heating of
the graphene strip since it cools down to room temperature in
between current pulses). To disentangle this effect from the
shift in VCNP caused by the desorption of O2 molecules, we
subtract the ΔVCNP values after O2 exposure (ΔOVCNP) from the

Fig. 2 The evolution of VCNP during oxygen exposure. The time interval
of oxygen exposure (from 43 h to 98 h) is highlighted by the pink
shaded area. The red line is a fit of the data to eqn (10). The dip below
the baseline before oxygen exposure is caused by a background
measurement (see section ‘Desorption kinetics’).
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ΔVCNP values before O2 exposure (ΔBOVCNP) to obtain the shift
in charge neutrality point caused by the O2 desorption (ΔdVCNP
= ΔOVCNP − ΔBOVCNP). The results of this procedure for a selec-
tion of annealing cycles are shown in Fig. 3b. From these

figures, it can be seen that ΔdVCNP is nearly zero after small
annealing currents are applied (typically below 0.5 mA). Only
after annealing the sample with larger currents, there is a
negative ΔdVCNP. The shift in charge neutrality point is caused
by desorption of the O2 molecules, which sets in at larger
annealing currents and hence higher graphene temperatures.
The twentyfold repetition was done to confirm that oxygen de-
sorption disappears after repeated annealing cycles (see
Fig. 3b). The shift in VCNP can be converted to a number of
desorbed molecules via eqn (1). A fit of the number of des-
orbed molecules with eqn (9), shown in Fig. 3c, provides ΔE‡ =
1.48 ± 0.08 eV and ΔS‡ = 1.4 ± 0.3 meV K−1. The error bars take
into account the correlation between these two values, as dis-
cussed in the ESI.†

Comparison of the experimental results with simulations

The energy barrier for the desorption of the oxygen molecule
from the Au3/graphene system is computed by the nudged
elastic band method (NEB). The relaxed geometry obtained for
the adsorbed and desorbed state of Au3O2/graphene system
were used for the initial and final state of the reaction, as
shown in Fig. 4. The intermediate state geometry is con-
structed from the interpolated images of the initial and final
states. The NEB method optimizes the intermediate image
along the reaction pathway to obtain the energy barrier during
the reaction. The minimum energy pathway obtained for the
desorption of the O2 molecule from the Au3/graphene surface
is shown in Fig. 4. As can be seen from this figure, this is an
activated process, which is also reflected in the O2 bond
length. In the desorbed state, the O–O bond length is 1.23 Å,
in the transition state it elongates to 1.27 Å, and in the bound
state it is 1.30 Å, indicating partial charge transfer to the O2

molecule during adsorption. The energy of the transition state
is 1.34 eV above the adsorbed state. The binding energy,
obtained as the difference in energy, between adsorbed and

Fig. 3 (a) Shift in charge neutrality point as a function of the annealing
current, before and after oxygen exposure. The first point of each
measurement was used as reference. (b) Shift in charge neutrality point
after consecutive 20 s annealing cycles, corrected for the effect of char-
ging. The numbers in the legend are the index numbers of the annealing
cycles. (c) Number of desorbed particles after each current pulse during
the first annealing cycle. The statistical error bars represent the reprodu-
cibility of the measurements (on the same GFET). Systematic model
uncertainty related to the use of eqn (1) is not included in panel (c).

Fig. 4 The minimum energy pathway for the desorption of oxygen
molecule on Au3/graphene.
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desorbed state, is 0.815 eV. Therefore the computed energy
barrier for the reaction O2 + Au3/graphene → O2/Au3/graphene
is 1.34–0.815 = 0.52 eV. In Table 1, a comparison is made
between the parameters extracted from theory and experiment.
A number of observations can be made from this comparison.

Firstly, the general energy profile predicted by theory, i.e. a
large adsorption barrier followed by a bound state with a
binding energy of approximately 1 eV, is reproduced. The large
binding energy and the elongation of the O2 bond both point
to chemisorption.1

Secondly, it should be noted that the experimental value for
εO2

is an order of magnitude lower than the computational
value for εO2

. This can be partly attributed to the fact that the
calculation of the experimental value relies on the assumption
that the number of clusters is exactly equal to the number cal-
culated based on the neutralization current measured during
deposition. This could be an overestimation, because a part of
the clusters may coalesce to bigger structures. In a previous
publication it was found that about 30% of the deposited Au3
clusters undergo coalescence to larger nanoparticles, which do
not dope the graphene.26 Also, clusters that land on resist
residue will also induce a neutralization current, but are not in
direct contact with the graphene and will therefore not interact
chemically with it. This possible overestimation of NAu3,0 sig-
nificantly affects the experimental εO2

value but has little influ-
ence on the obtained thermodynamic quantities. The experi-
mentally derived value of the adsorption barrier Ea only
depends on the fitted time constant b, which is not a function
of εO2

. In the desorption experiment, the number of desorbed
O2 molecules is calculated based on the same experimental εO2

value, so the numbers of deposited Au3 clusters and desorbed
O2 molecules could be overestimated by the same factor.
Therefore, the obtained values for ΔS‡ and ΔE‡ will not be
affected significantly by a possible underestimation of εO2

.
Thirdly, the experimentally found difference in entropy

between the bound state and the transition state ΔS‡ of
1.4 ± 0.3 meV K−1 is not in agreement with the difference in
vibrational entropies between the bound state and the tran-
sition state that is calculated by use of the harmonic oscillator
approximation (only −0.033 meV K−1) and, more in general is
surprisingly large compared to the values typically calculated
for molecules adsorbed on few-atom clusters by use of the har-
monic oscillator approximation.48 However, it should be noted
that transition states are saddle points on the potential energy
surface, so the harmonic oscillator approximation, which
treats all adsorbates as harmonic oscillators and assumes that

all entropy comes from the vibrational modes of these oscil-
lators, is inaccurate. The large experimental ΔS‡ value is remi-
niscent of the large ΔS‡ value which was recently predicted for
oxygen splitting on Au8 and Au13 around 340 K.49 In this case,
the large ΔS‡ was caused by melting of the transition state at a
temperature where the initial state remained solid, causing a
large entropy difference. More general, there has been a lot of
interest lately in the effects of collective motions in few-atom
clusters on the entropy of transition states, and its accelerating
effects on reaction kinetics.43

Our experimental results illustrate that a good estimate of
ΔS‡ is critical for an accurate prediction of reaction rates. We
further investigated the possible origin of the observed large
entropy change during the oxygen dissociation using ab initio
molecular dynamics simulations of the Au3/G system with and
without O2. The gold–gold bond lengths and the cluster shape
in a few snapshots of the simulations are depicted in Fig. 5.
Both simulations start with the lowest energy, triangular
cluster shape. Similarly to the recently studied Au2–graphene
system,50 the clusters migrate easily on the graphene surface,
which shows the importance of the (hindered) translation in
both the bare and the oxygen bound Au3/G systems. However,
in reality, the translation of the clusters likely is hindered by
imperfections not included in the our DFT calculations, such
as resist residue or corrugations in the graphene sheet, which
are inevitably present on every SiO2 supported graphene device
processed by lithographic methods.51 Indeed, it was shown
recently that the diffusion of few-atom clusters on a graphene
sheet is suppressed by polymer chains that can act as trapping
sites.52,53 Thus, the effect of the hindered translation is
approximately cancelled during the oxygen desorption and is
expected to have a small contribution to the experimentally
derived entropy change. However, the presence of the oxygen
molecule considerably changes the dynamical behavior of the
system. Because the bare Au3 cluster on the graphene is highly
flexible, the triangular cluster shape opens and closes several
times on the time scale of the simulation, as is seen in the fast
variations of the bond length plot (Fig. 5a), and also by the
average gold–gold distances and their standard deviations
(see the ESI† for the details). On the other hand, opening
and closing is a much less frequent event in the case of the
oxygen bound cluster. Nevertheless, the oxygen molecule is
mobile and several quasi-dissociation events occur as well as
a complete dissociation at about 9 ps simulation time. This
timescale for desorption is shorter than the one observed in
the experiment, but it should be noted that the DFT calcu-
lations predict a slightly weaker bond between the Au3 cluster
and the O2 molecule than the one found experimentally and
that reaction rates vary strongly with small changes in
binding energy. Due to the low mass of the oxygen molecule,
its motion has a small contribution to the entropy. Thus, the
large entropy change is due to the oxygen molecule induced
decrease of the flexibility of the cluster. These observations
highlight the role of dynamical effects in the entropy. While
the accurate determination of the entropy during the reac-
tion49 is beyond the Rigid Rotor Harmonic Oscillator approxi-

Table 1 Comparison of the experimentally and theoretically predicted
values for the energy barrier, binding energy and activation entropy of
the transition state

Energy
barrier (eV)

Binding
energy (eV) εO2

(e)

Activation
entropy
(meV K−1)

Exp. 0.45 ± 0.03 1.03 ± 0.08 −0.0028 ± 0.0001 1.4 ± 0.3
Theory 0.52 0.82 −0.0431 See text
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mation and also beyond the scope of our paper, we estimated
the entropy change from the above molecular dynamics com-
putations (see the ESI† for the details). The estimated entropy
change during the oxygen dissociation is 4.3 meV K−1 if we
assume complete dissociation of the oxygen molecule (i.e.
free translation in the gas phase), and 2.3 meV K−1 if we
assume physisorption. While it must be emphasized that
these values are rough estimations of the dissociation
entropy, and thus cannot be directly compared to the experi-
mentally derived activation entropy, their order of magnitude
agrees and clearly show the importance of the cluster
dynamics in the oxygen dissociation. This agreement could
not be explained in the framework of the harmonic
approximation.

Conclusions

It was shown that at room temperature and at an oxygen
pressure of 10−4 mbar, oxygen molecules spontaneously
adsorb on Au3 clusters deposited on graphene, but the adsorp-
tion kinetics is slowed down by a significant energy barrier.
Upon increasing the temperature by current annealing of the
graphene strip, the desorption of the oxygen molecules can be
activated. From this experiment, the difference in energy and
entropy of the transition state upon desorption with respect to
the bound state, can be inferred. By subtracting the energy
barrier of the energy of the transition state, the binding energy
(i.e. the difference in energy between the bound and the
unbound state) can be obtained. Theory and experiment point
to an activated process, with a significant energy barrier. The
experimentally obtained entropy difference between the bound
state and the transition state is surprisingly large, indicating
that the cluster and the adsorbate are more fluxional than
described by a harmonic oscillator approximation. Instead,
molecular dynamics simulations were necessary to explain the
observed activation entropy.

The method introduced here is an original approach that
provides access to thermodynamic quantities related to the
binding of molecules on nanostructured surfaces that are chal-
lenging to measure. The method can be applied to other
systems and is expected to lead to new insights in the sorption
kinetics of molecules on few-atom clusters.
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