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Field induced CO adsorption and formation of carbonyl waves on gold nanotips
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We report a study of the adsorption and reaction of CO on a gold nanotip in high electrostatic
fields. Field Ion Microscopy is used to investigate the emergence of a Au-carbonyl wave that is
made visible with oxygen as the imaging gas. We set up a simple kinetic model that reproduces the
adsorption wave and confirms that the presence of oxygen merely serves as an imaging gas and does
not lead to field-induced oxidation of CO.

I. INTRODUCTION

The most frequently used methods for the preparation of transition metal carbonyls are based on the direct inter-
action of CO gas with bulk metal or the reductive carbonylation of a metal salt [1]. Stable noble metal carbonyls
obeying the “18 electrons rule” cannot be prepared in either way. Notwithstanding mono- and di-carbonyls of silver
and gold can be synthesized by matrix isolation techniques as first demonstrated by Ozin et al. [2, 3]. More recently,
we have shown that such species can also be formed through direct reaction of CO with Au nanotips in the presence of
high electric field [4]. Both singly and doubly charged AuCO and Au(CO)2 were detected by Pulsed Field Desorption
Mass Spectrometry (PFDMS) and interpreted as evidence for CO adsorption in steps rather than terraces. Applying
an electric field larger than 1 V/Å greatly enhanced the reaction and Density Functional Theory (DFT) successfully
explained both the field stabilization and the measured ionic desorption rates [4].

In a companion paper of this journal [5], oxygen interaction with Au nanotips was studied experimentally and
theoretically, but only weak adsorption was seen in either presence or absence of electric fields up to the onset of
Au field evaporation (3.5 V/Å). With these data available, the occurrence of wave-like phenomena observed during
the interaction of CO/O2 gas mixtures with Au tips appears in a new light. Rather than reflecting CO oxidation
[6], such waves must be associated with Au-carbonyls formation in steps followed by dissolution of net planes and a
reshaping of the tip morphology. Within this scenario, oxygen takes the role of an imaging gas to make visible moving
Au-subcarbonyls in video Field Ion Microscopy (FIM).

After presenting the experimental facts which these conclusions were derived from we report relevant results from
DFT calculations and proceed to kinetic modelling to explain the occurrence of Au-subcarbonyls and the formation
of a wave moving from high-field regions of the nanotip toward the shank as observed in the experiment.

II. EXPERIMENTAL DETAILS AND RESULTS

To investigate the interaction of CO and O2 with a gold nanotip we use field ion microscopy (Video-FIM) for
imaging and single-ion time-of-flight mass spectrometry (PFDMS, Pulsed Field Desorption Mass Spectrometry) as
a probe for the local chemical composition. As described previously [4, 7], the microscope can be used either to
image metallic surfaces with atomic resolution or to monitor dynamic reaction phenomena on the nanoscale using a
dark vision video camera. Field pulses of variable repetition frequencies can be applied while operating the FIM. For
experimental details see Ref. [8] and the companion paper in this journal [5].

Figure 1 shows a field ion micrograph of a (111) oriented clean Au tip imaged in Ne at a sample temperature of
55 K. The electric field, 3.7 V/Å , is slightly above the evaporation field for Au. A large number of crystallographic
planes are discernible, some of which are labeled with their Miller indices. Only a few local defects are present. Net
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plane counting between the (111) pole and the peripheral {001} planes leads to a radius of curvature of about 22
nm. For all experiments we ensure by neon imaging that the same tip morphology is prepared at the start of the
adsorption studies.

FIG. 1: (a) Field Ion Micrograph of a (111)-oriented Au tip image in neon (PNe = 10−3 Pa) at T = 55 K with an electric field
of ∼ 3.7 V/Å. (b) Ball model (scaled ∼ 1/4) to demonstrate the overall 3D morphology in topview and layer edge atoms (in
white) subject to imaging.

Adsorption experiments are prepared as follows: After removing the neon gas and switching off the electric field,
oxygen is introduced into the microscope chamber at a dynamic pressure of 10−4 mbar. The electric field is then
increased to values between 1.2 and 1.5 V/Å at which the first bright spots appear in the micrograph. These spots
are randomly distributed over the surface and show no correlation with the underlying surface structure. As shown
previously, by PFDMS experiments and also supported by DFT calculations [5], neither molecular nor dissociative
oxygen adsorption can occur at 300 K and for the electrostatic fields applied. Thus, these bright spots cannot be
associated with oxygen adsorption and probably reflect displaced Au atoms following field-enhanced oxygen collision
with the Au surface.

Next, CO gas is admitted into the microscope chamber at a pressure of 2 × 10−7 mbar. After a certain induction
time of some ten seconds a nucleation phenomenon is observed close to the central (111) pole of the tip specimen. It
has been previously shown by video-FIM that this nucleation occurs in most cases in Au (113) areas. From this a
wave front is formed that propagates as a nearly circular ring like a “grass-fire” away from the nucleation region and
down the tip [6]. The linear propagation speed of the front is initially between 1 and 4 nm/s but eventually slows
down to stop roughly at a distance from the apex that is of the order of the radius of curvature of the tip. In Fig.
2a-c intermediate stages of a travelling wave front are depicted. The findings in the PFDMS set-up are very similar:
a bright wave approximately 2-3 nm broad is seen to travel across the surface at a rate of ∼ 1 nm/s in this case
(Fig. 2d,e). The probe-hole chemical analysis demonstrates the wave to consist of Au-carbonyls: both singly and
doubly charged AuCO and Au(CO)2 are detected (Fig. 3). Neither CO nor CO2 is seen in the spectrum. This is in
agreement with previous studies on the field-induced formation of Au-carbonyls in which it was furthermore shown
that CO is exclusively bound to steps and kinks.

We proceed to put together a physical picture that consistently explains the facts and previous observations and
theoretical results. Without O2 present in the gas phase AuCO+ and Au(CO)+2 are observed for fields larger than 1
V/Å. Smaller amounts of doubly ionized carbonyls are also seen in the mass spectra. When O2 is admitted, a wave is
observed to propagate from the apex of the tip downward to the shank. With oxygen being present in the microscope
chamber, O+

2 and O+ peaks show up in the mass spectrum. This is interpreted as being due to field ionization in
the gas phase rather than field desorption from the surface since the amounts of oxygen adsorbed on a gold surface
at 300 K are insignificant [5]. PFDMS observations and DFT calculations have shown that the O2 binding energy is
only of the order of 0.1 eV or less. Although one can conceive a field-induced oxidation of CO by an O2 impinging
on a neighboring site such a process is unlikely and oxidation would require the prior dissociation of O2. This is not
possible energetically in the absence of a field when the adsorption energy of O is only 2.33 eV. Applying a positive
field makes the likelihood of dissociation even less because the field reduces the O binding energy, i.e. to 1.17 eV in a
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FIG. 2: (a)-(c) Sequence of snapshots during video-FIM showing the formation of a carbonyl wave and its propagation towards
the periphery of the Au-tip. Experimental conditions: T = 300 K, PCO = 2 × 10−7 mbar and PO2 = 10−4 mbar, F ' 1.2-1.5
V/Å. (d)-(e) Same experiment as in (a-c) performed in a PFDMS apparatus. Due to technical restrictions, the visible surface
is reduced to a fraction of the surface usually imaged by FIM. The dark circle at the bottom of the micrograph is the probe
hole which selects the surface region for a local chemical analysis. (f) Guide to the eye assembled from Fig. 1 indicating the
fraction of the surface imaged in (d)-(e), along with the probe hole monitoring ∼ 300 Au sites.

field of 1.4 V/Å. Consequently, oxygen can only play a spectator role, i.e. as an imaging gas.
In a previous paper [4] we have shown that for fields higher than 1 V/Å AuCO+ and Au(CO)+2 are formed at kinks

and edges surrounding the terraces of a field emitter tip. The sequence of events is as follows: at an edge site of a
terrace the field is enhanced and causes the chemisorption of a CO molecule with sufficiently long lifetime (trapping).
This will weaken the bonding of the Au atom to its neighbors allowing it to detach itself. This process is thermally
activated. The Au-carbonyl species will now be free to migrate on the terrace and coupling the inhomogeneous field
to its dipole will push it toward the edge of the second layer terrace where the field strength has increased further
eventually reaching values that enable field desorption as an ion. This process repeats itself until the first terrace has
been consumed. The exposed second layer terrace is larger and will allow further CO adsorption and trapping in layer
ledges. At this point the process of detachment and migration repeats itself and the zone of ionic carbonyl desorption
migrates as a wave down from the apex to the shank. It is not possible at present to decide whether the detachment
of Au atoms occurs at the step of AuCO or Au(CO)2 formation.

It remains to show how molecular oxygen can act as an indicator for the production of Au carbonyl ions. We
first observe that the formation of O2 ions on flat surfaces is not possible at the fields we are dealing with here.
However, when the carbonyl ions are formed and still close to the underlying metal, an impinging O2 molecule sees
a partially empty level on the carbonyl much lower than its own ionization level so that resonant tunneling becomes
possible. The resulting O+

2 will be accelerated away from the surface producing a bright image of carbonyl production.
Postionization will occasionally produce O++

2 (first and second ionization energies for molecular oxygen are 12.06 eV
and 24.6 eV, respectively) which, however, is unstable and will immediately decay into two O+. The fact that in
the experiment the region behind the carbonyl wave appears dark indicates fewer carbonyl production. This is in
accordance with the view that the tip left behind the wave front is blunt and flat so that the electric field is low. This
however does not preclude that CO might be adsorbed there with relatively low binding energy.
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FIG. 3: Mass spectrum acquired by means of PFDMS during the wave propagation shown in Fig. 2d-e; experimental conditions:
PO2 = 10−4 mbar, PCO = 2× 10−7 mbar, T = 300 K, frequency of the pulses 10 Hz, pulse height Fp = 2.5 V/Å, pulse width
∼ 100 ns, Au(CO)n+

2 dominate over Au(CO)n+ at this frequency while the reverse is true for a frequency of 1.67 kHz [4]. The
different time dependences suggest a consecutive surface reaction to take place, i.e. AuCOstep + COad → Au(CO)2,step. The
mass resolution is limited due to the changes of the total energy of ions moving in a time-dependent electric field of pulses.

III. THEORY

A. The model

In setting up the model we need not concern ourselves with the oxygen imaging gas but need only include the
coverage of CO. The latter is of course a function of space and time due to the strong variation of the electrostatic
field along the tip surface. This causes adsorption to start at the apex plane where the field is highest and to increase
down the tip as time progresses. The front of this progressing coverage wave is seen in the experiment in form of
Au-subcarbonyls. As our only macroscopic variable we introduce the CO coverage θ(r, t) where r is the position on
the surface and t is time. For simplicity we assume that lateral interactions between adsorbed CO molecules are
negligible so that we can write down the rate equation for first order Langmuir kinetics

dθ

dt
= kaPCO(F )(1− θ)− kdθ (1)

with the adsorption rate constant ka = S0as/(2πmkBT )1/2 where S0 is the sticking coefficient which we assume
constant and as is the area of a unit adsorption cell. The field-enhanced CO pressure is given by

PCO(F ) ' PCO(0) eβ αeffF
2/2 with

1
2
β αeff ' 0.028 (V/nm)−2 (2)

The effective polarizability is obtained at T = 300 K from the CO dipole moment, 0.11 Debye, and the parallel and
transverse polarizabilities α‖=2.33 (4πε0 Å3) and α⊥ = 1.80 (4πε0 Å3). In an electric field of 1 V/Å the enhancement
is about a factor of 17. For the desorption rate constant we have [9]

kd = k0
d exp[−βE‡

d(F )] = S0
as

λ2

kBT

h

Zvr

zvrq3d
exp[−βE‡

d(F )] (3)

Here, λ = h/
√

2πmkBT and Zvr and zvr are the internal vibrational and rotational partition functions of the molecule
in the gas phase and the adsorbed state, respectively. Likewise, q3d accounts for the frustrated translational degrees
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of freedom on the surface. We model the field emitter tip by a paraboloid for which the field distribution relative to
a plane counterelectrode far away is given by

F (r) =
F0√

1 + r2/r2
0

(4)

where r is the distance from the axis of the paraboloid to its surface and r0 is its radius of curvature. F0 is the field
at the apex.

To determine the various constants appearing above in the rate constants we have done a series of DFT calculations
to obtain the energetics and geometry of CO adsorbed on gold clusters Aun of size 1 ≤ n ≤ 9. We used the Gaussian03
software package [10] with the B3-LYP exchange and correlation function, the wavefunctions LanL2DZ for Au and 6-
311G** for C and O. In the absence of an electric field, the binding energy of CO on gold is relatively weak, i.e. 0.5-0.6
eV, with the molecular axis slightly tilted away from the surface normal. Reference clusters Aun with 1 ≤ n ≤ 9 have
been successively built by adding a gold atom to a cluster Aun−1 and performing the geometry optimization of Aun.
The minimum energy spin states of the gold clusters Aun turn out to be doublets if n is odd. Finally, the structure
of CO-Au9 with the carbon atom facing the cluster is computed by allowing for the tilting of CO and optimizing the
whole geometry for the different values of the electric field.

The binding energy of CO with gold,

De(CO-Aun;F ) = E(CO;F ) + E(Aun;F )− E(CO-Aun;F ) (5)

increases in a positive electric field, i.e., an electric field pointing outside the gold cluster and essentially perpendicular
to its surface. Figure 4 shows the dependence of the binding energy (5) on the electric field for a single gold atom
Au1 and a gold cluster Au9. We observe that the dependence is roughly quadratic with a small linear contribution
reflecting a small dipolar component. The binding energy significantly increases at positive electric fields from about
0.55 eV at F = 0 up to 1.58 eV at F = 1 V/Å. The increase of the binding energy is smaller toward negative electric
fields.
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FIG. 4: Binding energy (5) of CO on gold Aun versus the electric field F for n = 1 and n = 9.

The values of the binding energy in Fig. 4 allow us to determine the desorption rate of adsorbed CO. Desorption
occurs when CO breaks its bond with the gold surface to disappear into the gas phase. Taking the values of the
field-dependent binding energy of CO on the gold cluster Aun with n = 9 in Fig. 4, the activation energy of CO
desorption is given by (assuming no further activation barrier)

E‡
d(F ) = De(CO-Aun;F ) = 0.55 + 0.55 F + 0.48 F 2 (eV) (6)

with F in V/Å and E‡
d in eV. The desorption activation energy E‡

d(F = 0) = 0.55 eV obtained from DFT calculation,
agrees with the values 0.57-0.61 eV reported in the literature for the isosteric heat of desorption of different crystalline
surfaces [11]. A disordered gold surface presents adsorption sites giving a peak in TPD spectra at a temperature
of 184 K for the heating rate 1.25 K/s [12]. Thus we estimate the prefactor in the desorption rate constant to
be k0

d = 2.78 1014 s−1 in Eq. (3). For a sticking coefficient S0 = 1, the adsorption rate constant would take the
approximate value of 2000 Pa−1 s−1. However, this rate constant is probably reduced in the presence of an electric
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field because the sticking coefficient is considered lower as compared to the zero-field case where impingement occurs
with thermal kinetic energy. With no information available for this energy dependence of the sticking coefficient we
adjust ka to reproduce the propagation speed of the wave front and get

ka = 700 Pa−1 s−1 (7)

We should note that at this stage this is the only adjustable parameter in the theoretical treatment, all others being
taken from independent experiments and/or DFT calculations.

B. Results

In the experiment the electric field at the apex is estimated to be F0 ' 1.2 V/Å, the oxygen pressure is fixed at
PO2 ' 10−4 mbar = 10−2 Pa and CO gas is admitted to a partial pressure PCO ' 2×10−7 mbar = 2×10−5 Pa. From
this initial condition, the propagation of a wave is observed which starts from a point close to the apex where the
electric field is the highest and which propagates outward to stop at some distance away from the apex. A space-time
plot of the adsorption front propagating down to the shank is shown in Fig. 6.
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FIG. 5: Position of the wave front observed in the FIM experiment versus time in two radial directions (squares & circles),
compared with the wave front propagation simulated by the theoretical model (continuous lines). The asymptotic positions are
rmax = 27.5 nm and r′max = 14 nm. The corresponding fitted radii of curvature are r0 = 12.3 nm and r′0 = 6.2 nm, respectively.
The conditions are PO2 ' 10−4 mbar = 10−2 Pa, PCO ' 2 10−7 mbar = 2 10−5 Pa, and F0 ' 1.2 V/Å.

The position of the wave front (taken to be where θ = 1/2) is depicted in Fig. 5 in comparison with the experimental
observations. For this comparison, the radius of curvature is used as a fitting parameter which should take different
values in both directions because of the anisotropy in the wave propagation while the model supposes a cylindrical
shape. The fitted radii of curvature are smaller than the geometrical value probably because the binding energy of
CO with the gold cluster used in the calculations could be larger than on a flatter surface. Nevertheless, the values
of the fitted radii of curvature are of the same order of magnitude as the geometrical radius, which shows that the
phenomenon is indeed caused by the electric field. We see in Fig. 5 that the space-time dependence of the wave
propagation is very well reproduced by the theoretical model using the rate constant of CO adsorption (7) which is
of the expected order of magnitude. We notice that the model explains that the position of the wave front reaches a
finite value asymptotically in time. This finite value corresponds to the position where the supply of CO into Au step
sites becomes limited by thermal desorption from a flatter surface where the electric field is no longer large enough
for CO to bind (see Fig. 4).

To get an overall picture of the wave we plot in Fig. 6 the CO coverage (corresponding to the Au-carbonyl wave as
observed experimentally) of the gold surface in a space-time plot. The coverage is significant only around the apex of
the tip where the electric field is sufficiently large to bind CO to the gold surface. The wave front stops at a distance
of about a radius of curvature from the apex where the field has decreased to a value of 1/

√
2 from that at the apex.

Because the field enters the desorption energy quadatrically in the exponential this is enough to make desorption
faster than adsorption, i.e. reduce the coverage to a negligible value. For a direct visual comparison with experiment
we present in Fig. 7 a series of snapshots which show, as a measure of the position of the wavefront, the quantity
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FIG. 6: Space-time plot of CO coverage θCO as simulated by the theoretical model. Position is in units of the radius of curvature
r0 and time in seconds. PCO = 2× 10−5 Pa, F0 = 1.2 V/Å, initial conditions are θCO = 0.

exp
[
−c(θCO − 0.5)2

]
(the derivative of the coverage would be another such indicator) as a bright ring at the front of

the wave. The agreement with the experimental snapshots in Fig. 5 is convincing.

(a) (b) (c) (d)

FIG. 7: Propagation of the wave front of CO adsorption simulated by the theoretical model. Position is in units of the radius
of curvature r0: (a) t = 5 s; (b) t = 10 s; (c) t = 15 s; (d) t = 20 s. The square has sides of length x = 10r0 and y = 10r0. The
wave front is depicted as exp

ˆ
−c(θCO − 0.5)2

˜
with c = 500. PCO = 2 10−5 Pa, F0 = 1.2 V/Å, initial conditions are θCO = 0.

IV. CONCLUSIONS

We have reported in this paper a study of CO adsorption on a Au nanotip subjected to high electrostatic fields.
A travelling wave was observed in FIM experiments and identified as moving Au-carbonyl Au(CO)n+

1,2 , using local
chemical probing. In order to sustain this dynamic phenomenon CO adsorption on terraces of the Au surface is needed.
DFT calculations show that the binding energy of CO increases in a positive electric field to values large enough to
reinforce CO adsorption at a temperature of 300 K. To image the travelling Au-carbonyl wave O2 gas is used. While
the field is high, 1.2 V/Å, it is not high enough to allow molecular oxygen adsorption [5]. The propagation of the
wave is very well reproduced with a simple model in which the variation of the electric field along the tip is accounted
for. This has the effect of increasing both the partial pressure of CO near the apex and the binding energy of CO
with the gold surface. The wave propagation starts in the highest field region at the apex and proceeds down the tip
to some distance from the apex where the electric field has dropped to such a low value that CO adsorption is no
longer significant. The repetitive formation of Au-carbonyls followed by field evaporation leaves behind an essentially
flat Au apex where the electric field is lower so that CO adsorption is reduced.

We finally mention that the formation of subcarbonyls is not restricted to Au. PFDMS studies with different metals
such as Ni, Co, Ru or Rh have provided ample evidence for such carbonyls to be a general reaction phenomenon at
metal step sites. In the case of Ni, carbonyls up to Ni-tricarbonyl were detected by field pulses in the absence of
a steady electric field [13]. Field ion microscopy demonstrated a dissolution process to take place during field-free
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reaction with CO and to transform the originally hemispherical morphology into a half-cuboctahedral one [14]. The
different time-dependence of Ni-subcarbonyls then allowed this morphological shape transformation to be explained
in the frame of a consecutive reaction model involving di-carbonyl formation to be associated with the liberation of Ni
kinks [15]. In the case of Ru, subcarbonyls up Ru(CO)4 were detected [16]. Quantum chemical calculations explained
that in steady positive electric fields around 0.4 V/Å the carbonylation stops at the stage of the di-carbonyl [17].

We mention that subcarbonyls have not only been detected by PFDMS on bulk metals but also in infrared studies
using Ru or Rh supported particles [18, 19]. Extended X-ray absorption fine structure (EXAFS) nicely demonstrated
the dissolution of small Rh particles on a γ-alumina support and the production of Al-O-RhI(CO)2 species [20].
The PFDMS evidence for the occurrence of Rh(CO)2,3 species [7] finally provided the complement to explain this
dissolution process by a diffusion of these carbonyls across the metal-oxide interface. Similar to the Ni case, FIM
imaging of Rh nanotips demonstrated a morphological shape transformation to take place ending up in a polyhedral
form.

In the present study with Au tips, Au(CO)1,2 carbonyls are formed in the presence of electric fields larger than 1
V/Å. Their formation mechanism in steps is basically the same as that envisaged in previous studies with the above
mentioned metals, i.e. kinks and steps are involved and the repetitive liberation of carbonyls along with their diffusion
toward the shank of the Au tip leads to net plane dissolution and, finally, to morphological reshaping. The most
remarkable structural feature of this reshaping is the truncated tip apex which mainly acts as a “catch basin” for CO
molecules provided the field strength is high enough to reinforce adsorption.
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