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A B S T R A C T

Graphene-supported Co clusters were investigated by high-resolution XPS, TPD and IRRAS using CO as a probe
molecule. CO adsorption was observed at edge, on-top and bridge/hollow sites on the as-prepared clusters.
Temperature-programmed XPS showed CO dissociation at T > 300 K. The CO desorption temperatures were
determined by TPD measurements to be 260, 320 and 400 K for CObridge/hollow, COedge and COtop, respectively.
The CO dissociation products were used to investigate the adsorption of CO on carbon and oxygen precovered Co
clusters. Site blocking by these adatoms was found resulting in the absence of COedge (XPS and TPD) and a
decrease of the CO adsorption capacity (XPS, TPD and IRRAS). Additionally, no CO dissociation was found on the
precovered clusters concluding a blocking of the catalytically active sites which are the edge sites of the clusters.

1. Introduction

In the industrial production of long chain hydrocarbons by the
Fischer-Tropsch (FT) synthesis, cobalt and iron play an important role as
catalytic active materials [1]. To improve the performance of these
catalysts, it is crucial to understand the properties of the catalyst which
make them suitable for the specific reaction. However, industrially used
catalysts consist of many different components which make it hard to
understand the reactivity of these systems. For instance, the cobalt
containing catalysts in the FT reaction consist of 10 – 30 wt% cobalt, as
well as a small amount of a second metal (noble metal) and an oxidic
promoter supported on a metal oxide [1]. Since cobalt is found to be the
catalytic active component of the catalyst, CO adsorption and dissocia-
tion on cobalt single crystal surfaces are excessively studied using
various techniques, e.g., TPD, LEED, XPS, RAIRS [2–7]. Single crystal
surfaces are the simplest model catalysts available. However, to gain
information of the properties of such highly complex catalysts, model
catalysts with increasing complexity have to be studied to overcome the
material gap [8]. In this work, we investigated graphene-supported Co
clusters. Here, graphene is used as a template, and as a model system for
a carbon support. Due to the lattice mismatch of graphene on Rh(111),
the graphene layer is corrugated [9]. This allows for the preparation of
ordered nanocluster arrays with a narrow size distribution by depositing
cobalt in the valleys of the graphene layer. While experimental studies

have shown that the optimum cluster size for Co FT catalysts is 8 – 10 nm
because smaller clusters are sintering faster and interact stronger with
the metal oxide support [1], this behavior is inhibited by using a
corrugated 2D material support as done.

In this work graphene-supported Co clusters are investigated by
means of high-resolution X-ray photoelectron spectroscopy (HR-XPS),
infrared reflectance absorption spectroscopy (IRRAS) and temperature-
programmed desorption (TPD). The Co/Gr/Rh(111) system serves as
model catalyst to investigate the properties of Co clusters in regard to
available adsorption sites, morphology, thermal stability and to deter-
mine the catalytically active sites. To gather this information, CO was
used as a probe molecule. The CO adsorption is well studied on clusters
(Pt [10], Pd [11], Fe [12], Co [13]) and single crystal surfaces (e.g., Co
(0001)) [6,7] which allow us to determine properties of the system
investigated in this work. Additionally, the dissociation products of CO
were used to determine the influence of carbon and oxygen adatoms on
the reactivity of the Co clusters.

2. Methods

2.1. High-resolution XPS

The HR-XPS experiments were performed at the synchrotron facility
BESSY II of the Helmholtz-Zentrum Berlin at the UE56/2-PGM2
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beamline. Our own transportable UHV apparatus (p = 1 – 5 × 10-10

mbar) was used for the experiments which consists of two connected
chambers (preparation and analysis chamber) [14]. The preparation
chamber is equipped with a sputter gun for sample cleaning (Ar+ sput-
tering followed by annealing to 1200 K) and an electron beam evapo-
rator for Co deposition as well as a quartz crystal microbalance (QCM)
for the determination of the metal deposition rate. For sample analysis, a
hemispherical photoelectron energy analyzer is connected to the anal-
ysis chamber. Furthermore, a three-stage supersonic molecular beam is
attached to the analysis chamber which is used in this work for graphene
preparation and CO dosing. The sample temperature can be adjusted
between 115 and 1200 K by liquid nitrogen cooling and resistive heat-
ing. The sample temperature is monitored by K type thermocouples
which are spot-welded directly to the Rh(111) crystal. For
temperature-programmed XPS (TPXPS), a tungsten filament is mounted
at the backside of the sample for sample heating and simultaneously
reducing the magnetic field occurring by resistive heating. The heating
rate for TPXPS is 0.3 K s-1.

For graphene preparation, chemical vapor deposition of ethene was
performed using the molecular beam. Ethene was dosed at a pressure of
~ 3 × 10-9 mbar at a sample temperature of 920 K. After graphene
preparation the uniform growth was checked by XPS. Co was deposited
upon graphene preparation by electron beam evaporation and the
amount was determined by the QCM resulting in a thickness of 2 Å (0.8
ML). According to the atomic radius of Co in comparison to Rh, this is a
total coverage of 0.73 ML in regard to the Rh(111) single crystal surface
[15]. Since the clusters are mostly located in the pores of the graphene
layer (Figure S1), which corresponds to a surface area of 63 ± 5 %, the
average Co cluster size is ~ 170 atoms. Considering that the clusters
consist of >1 atomic layer, the approximate cluster size is 2 – 4 nm
corresponding to the size of the pores [16,17].

All XP spectra were recorded in normal emission to the photoelec-
tron energy analyzer. The photon energies used for the measurements of
the Co 3p, C 1s and Rh 3d, and O 1s spectra were 180, 380, and 650 eV,
respectively. The resolution of the XP spectra is 190 meV for the Co 3p
core level, 220 meV for the C 1s and Rh 3d core level and 340 meV for
the O 1s core level. All measured spectra are referenced to the Fermi
energy.

To quantify the measured XP spectra, they were fitted with a set of
asymmetric Doniach-Ŝunjić functions convoluted with Gaussian func-
tions followed by comparison of the obtained fit areas with the integrals
of data with known coverage. For the carbon coverage this is the pristine
graphene layer, which corresponds to a coverage of 1.19 ML due to the
lattice mismatch of graphene/Rh(111) of (12 × 12)/(11 × 11) [9]. The
oxygen coverage was obtained from the saturated CO layer on the
annealed Co clusters where the C coverage is known from comparison to
the graphene signals.

2.2. Infrared reflection adsorption spectroscopy

The experiments were performed in an ultrahigh vacuum (UHV)
apparatus equipped with a sputter gun, a LEED system (MCP-LEED,
Omicron), a quadrupole mass spectrometer (HAL 201, Hiden) with a
Feulner-cup for TPD-measurements and a FT-IR spectrometer (Vertex
80v, Bruker) to record IR spectra in grazing reflection geometry. The Rh
(111) single crystal (8 × 6 mm, MaTeck) was mounted to a cryostat
using a homemade sample holder which has been described in detail
elsewhere [18]. The Rh(111) sample was cleaned by sputter and
annealing cycles using Ar+ ion sputtering (p(Ar) = 1 × 10-6 mbar, T =

300 K, E = 2 kV, I = 10 mA, t = 30 min) and subsequent annealing to
1100 K for 10 min. The cycles were repeated until the crystal showed a
sharp LEED image expected for the (111) surface.

For the preparation of the graphene layer the sample was heated in a
propene atmosphere (2 × 10-8 mbar, Sigma-Aldrich Messer CANGas,
99.5 %) to 970 K for 50 min. The long-range order of the graphene layer
was determined by LEED images and possible defects in the graphene

layer were determined by the absence of IR signals after CO adsorption.
Co (2 mm rod, MaTeck, 99.95 %) corresponding to a nominal

thickness of 2 Å (1 ML with respect to Co(0001)) was evaporated onto
the graphene layer using an electron beam evaporator (EFM3, Focus; E
= 997 V, IFil = 1.89 A, IE = 13.0 mA) with a rate of 2 Å/min as deter-
mined by a quartz microbalance.

The CO-IRRA-spectra were taken by accumulating 256 scans with a
nominal resolution of 4 cm-1 and a zero-filling factor of 16. The sample
was exposed to 12CO using a pin-hole doser (pin hole: 50 µm, Plano) with
computer controlled pneumatic valves with a resolution of 0.2 s. The
pressure in the gas reservoir was controlled by a Baratron (626D, 10
Torr, MKS) and set to 0.33 mbar. Temperature dependent IRRAS was
done by annealing the sample to a given temperature (typical heating
rate 2 K s-1) and IR spectra were measured subsequently. For annealing
temperatures above 180 K, the sample was cooled down to 180 K prior to
the IRRAS measurement to limit baseline distortions. TPD spectra were
taken using a heating rate of 2 K s-1.

3. Results and discussion

3.1. As-prepared Co clusters

To gather information about the structure of the as-prepared Co
nanoclusters, CO was adsorbed while in situ high-resolution XPS was
performed. The resulting C 1s spectra are shown in Fig. 1. Before CO
adsorption, the two graphene features C1 (285.01 eV) and C2 (284.42
eV), which are assigned to strong and weak interactions between the
graphene layer and the Rh(111) surface, respectively, are present in the
C 1s spectra (Fig. 1a) [9,19]. Furthermore, carbide on Rh(111) (CRh,
283.87 eV) is found, originating from the graphene preparation [19].
During CO adsorption on the as-prepared Co clusters, three CO features
are evolving. The first evolving CO contribution at 285.69 eV is assigned
to CO adsorbed at on-top sites (Fig. 1a, blue). The second CO peak at
lower binding energy side shifts from 285.15 to 285.26 eV with
increasing CO exposure and is assigned to CO adsorbed at bridge or
hollow sites on the Co clusters (Fig. 1a, red). The shift to higher binding
energy during CO adsorption of the CO peak is due to increasing lateral
interactions. The assignment of these first two peaks was made ac-
cording to literature: Binding energies reported for CO adsorbed at
on-top sites on Co(0001) were 285.7 – 285.5 eV [6,7,20], and 285.1 –
285.0 eV [7,20] for CO adsorbed at bridge and hollow sites. The binding
energies of CO adsorbed at bridge or hollow sites could not be further
distinguished. Higher binding energies for the two CO induced features
in the XP spectra were reported by Lahtinen et al. [5] The reported
values were 286.2 and 285.7 eV for COtop and CObridge/hollow, respec-
tively [5]. Nevertheless, the binding energy difference between the two
species is similar in these works (ΔE = 0.5 ± 0.1 eV) and are in agree-
ment with the results from our experiments (ΔE = 0.43 eV). Thus, the
higher binding energy component was assigned to COtop and the lower
binding energy signal to CObridge/hollow. With increasing CO exposure, a
third signal at higher binding energy side of the COtop peak grows. This
signal at 285.99 eV is assigned to CO adsorbed at the edges of the
clusters. C 1s signals contributing from CO adsorbed at step or edge sites
are often observed at lower binding energies than the signals which are
assigned to CO adsorbed at on-top sites [10–12,21]. Moreover, adsorp-
tion on step sites, e.g., on stepped Pt surfaces or supported Pt clusters is
found to be more stable than adsorption at terraces [10,21]. This is
different on Co surfaces, where comparison of the adsorption energies of
H2 on the flat Co(0001) surface with the corrugated Co(11–20) and Co
(10–12) showed that H2 adsorption is more stable on Co(0001) than on
the lower coordinated surface atoms of Co(11-20) and Co(10-12) [22].
Additionally, IR spectra recorded during CO adsorption on a defective
Co surface revealed a feature at higher wavenumbers (2080 cm-1) than
the on-top band (2043 cm-1) which is only present at higher CO cover-
ages, that is, when bridge and hollow sites are already occupied and the
CO coverage is close to saturation [7]. This is in agreement with our
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results where COedge starts to grow after most of the top and bridge/-
hollow sites are already occupied. The binding energies determined in
this work and comparison with literature values are listed in Table 1.

The spectra shown in Fig. 1 were fitted and analyzed quantitatively.
For the quantitative analysis the peak areas of the distinguishable

carbon features were compared to the peak areas of the pristine gra-
phene layer with a known carbon coverage of 1.19 ML, while neglecting
possible photoelectron diffraction effects [9]. The data obtained from
the quantitative analysis is depicted in Fig. 2. For clarity, only the data of
the CO and cobalt carbide features are shown. The quantitative analysis
of other observed species is shown in the Supporting Information in
Figure S2. Before CO adsorption minor amounts of CO (Θ(COtop) =

0.008 ML) and cobalt carbide (Θ(CCo) = 0.006 ± 0.001 ML; 283.15 eV)
were already present on the Co/Gr/Rh(111) sample. The latter did not
show any changes throughout the CO adsorption experiment. CCo was
also assigned in agreement with literature [3,6,7]. With increasing CO
exposure, COtop and CObridge/hollow start to increase. COedge starts to
grow at 0.9 L. At 2.05 L CO exposure, COedge, COtop and CObridge/hollow

reached a coverage of 0.03, 0.11 and 0.12 ML, respectively. To ensure
saturation of CO on the cobalt clusters, the CO pressure on the surface
was increased to ~ 2 × 10-7 mbar by opening the flag of the molecular
beam and directing the CO stream straight to the sample surface. The
increased CO pressure leads to a further increase in CO partial cover-
ages: a COedge coverage of 0.04 ML, COtop of 0.12 ML and CObridge/hollow

of 0.16 ML was reached. Fig. 3a shows the C 1s spectra recorded upon
saturation including the corresponding peak fitting. The graphene sig-
nals were subtracted from the original spectrum for reasons of clarity.

Fig. 1. (a) Spectra of the C 1s core level region (hυ = 380 eV) recorded during CO adsorption on as-prepared Co clusters on Gr/Rh(111), (b) TPXPS of CO adsorbed
on as-prepared Co clusters and (c) density plot of the TPXP spectra shown in (b); (d) Spectra of the C 1s core level region (hυ = 380 eV) recorded during CO
adsorption on annealed Co clusters on Gr/Rh(111), (e) TPXPS of CO adsorbed on annealed Co clusters and (f) density plot of the TPXP spectra shown in (e). The
legend in (c) is also valid for (f).

Table 1
C 1s binding energies of CO at CO saturation coverage on the as-prepared and
annealed cobalt clusters and the cobalt carbides measured in this work and
corresponding values reported in literature. The binding energies are given in
eV. Binding energies determined in this work are referenced to the Fermi energy.

As-prepared Annealed Literature

COedge 285.99 – –
COtop 285.69 285.75 285.5 [6]

285.7 [7,20]
286.2 [5]

CObridge/hollow 285.26 285.28 285.0 [7]
285.1 [20]
285.7 [5]

CCo 283.15 283.13 283.1 [6]
283.4 [23]

CCo, surface 282.75 282.77 282.8 [23]
282.7 [6]
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Please refer to the Supporting Information for the original XP spectra
which include all signals (Figure S3). A total CO coverage of 0.32 ML is
reached on the as-prepared Co clusters (Fig. 2, black). Only the graphene
signals C1 and C2 decreased upon CO adsorption due to damping of the
emitted photoelectrons by the adsorbed CO layer (Figure S2a). Similar
to the graphene signals, the Co 3p signal is also damped upon CO
adsorption and shows an additional CO induced doublet with the 3p3/2
at 59.4 eV and the 3p1/2 at 60.2 eV, which are at 0.5 eV higher binding
energy than the Co 3p3/2 and Co 3p1/2 signals, respectively (Figure S5).

We are only able to observe one core level region during the in situ
experiment. Thus, only one spectrum of the O 1s core level region was
recorded before and after the CO adsorption experiment on the as-
prepared Co clusters. The O 1s spectrum recorded before the CO
adsorption experiment is shown in Figure S6. Originating from the Co
evaporation process and residual gas in the chamber, H2O (533.57 eV,
0.03 ML) and OH (531.31 eV, 0.10 ML) were present on the as-prepared
clusters [24]. The formation of OH as a result of dissociative adsorption
at defect sites was reported by Weststrate et al. [24] on a Co(0001)
surface. In our case, the as-prepared clusters possess similar active sites
in form of edges and kinks. Thus, dissociative adsorption also leads in
our experiment to the presence of OH on the sample. Since we also
observe a minor amount of CO before exposing the sample to CO for the
first adsorption experiment, a minor amount of CO should also be pre-
sent in the O 1s spectrum. However, it was not possible to separate this
species from the H2O and OH signals. After the sample was exposed to
CO, the spectrum shown in Fig. 3d was recorded. Similar to the C 1s

data, it shows two features which are assigned to COtop and CObridge/-

hollow, respectively. The binding energy of COtop is 532.28 eV and the
CObridge/hollow binding energy is 531.03 eV. These binding energies are
in agreement with literature values obtained for CO on Co(0001) [5,7,
20]. Although we assigned the two CO species to COtop and CObridge/-

hollow, based on the results in the C1s region we assume the signal of CO
on the edges and steps of the clusters to overlap with the other CO
species. A similar behavior was found on supported Pt nanoclusters [10].
The O 1s binding energies of the CO and cobalt oxide features measured
in this experiment are listed in Table 2. From the quantitative analysis,
the amount of COtop is determined to be 0.25 ML while the amount of
CObridge/hollow is 0.21 ML. This is a total coverage of 0.46 ML which is
higher than the coverage obtained from the C 1s data. But before CO
adsorption, 0.13 ML of H2O and OH were present on the sample. Sub-
tracting this amount from the amount determined from the O 1s spec-
trum recorded after CO exposure of the sample results in a total CO
coverage of 0.33 ML. From the C 1s data a value of 0.32 ML was
determined. Thus, the result from the O 1s data fits the values obtained
from the C 1s data within the experimental error (± 10 %).

CO adsorption on as-prepared Co clusters was also investigated using
IRRAS. Fig. 4a shows IRRA-spectra recorded after saturating Co clusters
deposited at 115 K with CO on a graphene layer on Rh(111). The black
spectrum was obtained after CO adsorption on the as-prepared Co
clusters. The spectrum is dominated by an asymmetric signal at 2071
cm-1 with a shoulder on the low-energy side extending down to 2000 cm-

1. A second signal is observed at 1895 cm-1. The IR-signals/shoulder

Fig. 2. Quantitative analysis of the (a) C 1s data acquired during CO adsorption on as-prepared Co clusters and (b) TPXPS and (c) C 1s data acquired during CO
adsorption on annealed Co clusters and (d) TPXPS.
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above 1950 cm-1 are in line with the IRRA spectra observed on Co
clusters deposited on epitaxial alumina films [25]. Those signals are
assigned to CO bound at on-top sites. CO saturation coverage on Co
(0001) showed a signal at 2057 cm-1 with a shoulder around 2034 cm-1

that was assigned to CO adsorption on the on-top sites of the surface [7].
It should be noted, that the signal assigned to CO on-top sites observed at
saturation coverage is due to at least two different signals as becomes
clear by looking at the adsorption series (Figure S7). To this end, the
IRRA spectra are well in line with the XPS results discussed above

indicating the presence of on-top bound CO at different sites. On other
low index surfaces, CO was also found to bind preferentially at on-top
sites and comparable stretching frequencies were observed [7]. The
signals are typically found to be blue-shifted with increasing coverage
suggesting a significant dipolar interaction between the adsorbates. The
position and width of the IR signals were also found to depend on the
preparation conditions i.e. temperature, the pressure of CO but also the
presence of defects or impurities such as carbon or oxygen atoms [7,20,
26]. On Co(0001) additional peaks at lower wavenumbers are found at
saturation. The peak observed at 1862 cm-1 was assigned to CO
adsorption on hollow sites, while a signal at 1908 cm-1 observed at
medium coverage was assigned to adsorption on bridge sites [7].
However, it should be noted that such an assignment solely based on IR
spectra is not possible as the frequency range of bridge and hollow sited
bound CO are overlapping which has been the source of controversies
[27]. Therefore, an assignment of the IRRAS signal of the Co clusters
around 1900 cm-1 remains ambiguous. However, based on the results
from the Co(0001) single crystal, bridge bonded CO is the more likely
adsorption site of CO on the Co clusters for the signal at 1895 cm-1. The
wavenumbers and their assignment to possible adsorption sites are listed

Fig. 3. (a) XP spectra of the C 1s core level region acquired after CO adsorption on the as-prepared Co clusters on Gr/Rh(111), (b) after TPXPS (Ts, max = 550 K), and
(c) after CO adsorption on the annealed Co clusters. (a) – (c) show the C 1s XP spectra including fits after subtracting the graphene signals. Please refer to the
Supporting Information for the original spectra including the fits of the graphene substrate. (d) XP spectra of the O 1s core level region obtained after CO adsorption
on the as-prepared Co clusters on Gr/Rh(111), (e) after TPXPS (Ts, max = 550 K), and (f) after the CO adsorption on the annealed Co clusters.

Table 2
O 1s binding energies of CO on the as-prepared and annealed cobalt clusters and
the cobalt carbides measured in this work and corresponding values reported in
literature. The binding energies are given in eV. Binding energies determined in
this work are referenced to the Fermi energy.

As-prepared Annealed Literature

COtop 532.28 532.28 531.3 [6]
532.1 [7]

CObridge/hollow 531.03 531.03 530.7 [7]
OCo 529.73 529.71 529.3 [6]
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in Table 3. Thus, in agreement with XPS and literature, we can assign the
band/shoulder at higher wavenumbers to CO adsorbed at on-top sites of
the clusters and the feature at lower wavenumbers to CO adsorption at
bridge or hollow sites. Neither XPS nor IRRAS were able to unambigu-
ously assign either adsorption in bridge or hollow sites. While the IRRA
spectra taken during the adsorption series clearly indicate the presence
of at least two on-top bound species which cannot be clearly distin-
guished at saturation coverage due to dipolar interaction, the XPS results
provide clear evidence for a third feature which we assigned to CO
adsorption at the edges of the clusters.

After CO adsorption the sample was heated to 550 K. The XP spectra
recorded during TPXPS are shown in Fig. 1b and the quantitative
analysis in Fig. 2b. The CObridge/hollow coverage is less than after the
adsorption experiment due to desorption from the intense x-ray beam
from the synchrotron. The areas of the three CO peaks stay constant up
to 150 K. By increasing the temperature from 150 to 220 K, the intensity
of the COtop species increases while CObridge/hollow decreases. The
coverage of COedge does not change in this temperature range. From
Figure S4 it can be derived that the total CO coverage stays constant
during this change in adsorption sites. However, it is possible that due to
the desorption of H2O or OH at ~160 K [24], which were present before
the CO adsorption experiment (Figure S6), the adsorbates now distribute
in a different way over the surface after additional adsorption sites are
available. With increasing temperature, the CObridge/hollow feature de-
creases further and also COedge starts to decrease. COtop stays constant at
0.20 ML up to 300 K. Upon annealing to 300 K, COedge vanishes and
COtop eventually starts to decrease. Simultaneously, a new feature
evolves at the lower binding energy side of CCo and is assigned to cobalt
carbide located at the surface of the clusters (CCo, surface; Figs. 1b and
Fig. 2b, orange). It is a result of CO dissociation. A carbide at the surface
and the respective surface core level shift (SCLS) is also found for iron
carbide on Fe clusters on h-BN/Rh(111) upon CO dissociation as well as
for carbides on Mo(110) [12,28]. CO dissociation is reported to occur at
330 K on defective Co surfaces or on edges and steps of the clusters in our
case [6]. CCo, surface evolves at a binding energy of 282.95 eV and shifts to

lower binding energy with increasing temperature and coverage
(Fig. 1b). The final binding energy of CCo, surface is 282.75 eV. The
binding energy of 282.75 eV for the CCo, surface peak fits reported binding
energies for surface carbides on Co surfaces [6,23]. A second new
feature also starts to evolve at 300 K, which is assigned to graphitic
carbon on the cobalt clusters (Cgraphitic, Figure S2b, olive). Cgraphitic

grows at a binding energy of 284.57 eV which is 1.82 eV higher than CCo,
surface and 1.42 eV higher than CCo. The formation of graphitic carbon
upon annealing was also observed by Nakamura et al. [3] at a C 1s
binding energy of 284.8 eV which is 1.7 eV higher than the binding
energy of cobalt carbide. On Fe clusters, the formation of graphitic
carbon was also observed, resulting in a binding energy which is 1.93
and 1.46 eV higher than the surface carbide and iron carbide species,
respectively [12]. At ~ 480 K, CCo also starts to increase slightly. CCo,
surface reaches its maximum of 0.05 ML at 500 K while CCo keeps
increasing up to 550 K to a maximum coverage of 0.03 ML. The small
further increase of CCo is due to restructuring of the clusters [12].
Additionally, the substrate signals C1 and C2 of the graphene layer and
the Rh 3d signal are increasing as a result of CO desorption and cluster
restructuring (Figure S2 and S8) [29]. Restructuring of the clusters
changes the shape of the clusters to a more 3D shape. Moreover,
Figure S2b shows that the intensity of the C1 signal increases strongly
which is assigned to a higher mobility of the clusters at elevated tem-
peratures leading to agglomeration of the clusters. Thus, the emitted
photoelectrons from the underlaying graphene layer are less damped
and the signals become more intense. Due to CO dissociation, a cobalt
oxide peak (OCo, 0.11 ML, 529.73 eV) is also observed in the O 1s
spectrum measured after the TPXPS experiment (Fig. 3e).

The CO desorption was also investigated by TPD measurements
(Fig. 4b). The obtained TPD spectrum of the as-prepared Co clusters is
very comparable to TPD from pristine Co clusters deposited on epitaxial
alumina-films grown on NiAl(110) [25]. In particular, the position of the
high-temperature maximum close to 400 K and the low-temperature
maximum around 260 K are observed on this system too, indicating
that the CO adsorption strength depends only slightly on the support
being used. Additionally, the CO TPD of the as-prepared Co clusters
shows a peak at 320 K. Comparison to low index surfaces of Co single
crystals reveals a strong similarity to the CO TPD spectrum from the
reconstructed Co(11–20) surface [30]. The TPD from this surface shows
the largest desorption peak slightly below 400 K and a less intense
structure around 270 K. A dominant desorption around 400 K and a
smaller signal around 320 K is also observed for CO TPD on Co(10–10)
[31]. The CO TPD spectrum from the Co(0001) surface also shows the
largest desorption between 380 and 400 K but the spectrum is consid-
erably more complex [20]. It exhibits a pronounced narrow peak around

Fig. 4. (a) CO-IRRA spectra taken at 115 K after CO adsorption on the as-prepared Co cluster (black) and after CO adsorption on Co clusters upon saturation with CO
and annealing to 450 K (blue). (b) TPD-spectra of the desorption of CO from the as-prepared Co clusters (black) and from the annealed Co clusters (blue).

Table 3
Wavenumbers of CO on the as-prepared and annealed cobalt clusters measured
in this work and corresponding values reported in literature.

As-prepared Annealed Literature

COtop 2071 2068 2057 [7,25]
~ 2000 2025 2034 [7,25]

CObridge/hollow 1895 1913 1862 (hollow) [7]
1908 (bridge) [7]
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240 K which has no counterpart in the TPD of the Co clusters.
Furthermore, there is a dedicated feature around 300 K and the main
peak exhibits a discernable fine structure neither of which is observed
for the clusters. It is interesting to note that a defective Co(0001) surface
loses all CO desorption features except the high temperature peak
(which loses its fine structure) indicating that the complex TPD signa-
tures of the well-ordered Co(0001) surface is governed by the complex
rearrangements of CO molecules upon reduction of the coverage due to
the strong repulsive interaction between the CO molecules [7]. A com-
parison of the TPD data to the previously discussed XPS measurements
allow the assignment of the desorption maxima to the individual CO
adsorption sites. The first desorption maximum (260 K) in the TPD
spectrum is attributed to CO desorption from bridge/hollow sites, the
second maximum (320 K) to CO desorption from edge sites and the third
one (400 K) to desorption from top sites (Table 4). The discrepancies in
the desorption temperatures arise from the different procedures by
which the desorption temperatures were determined. While the
desorption temperatures determined by TPD were determined by the
maximum of the corresponding desorption peak, for XPS and IRRAS the
temperatures were used at which the signals vanish.

More details into the behavior of CO on the Co clusters are obtained
from the IRRAS annealing series shown in Fig. 5a. Upon annealing the
as-prepared Co clusters to 175 K, the main signal at 2071 cm-1 is reduced
in intensity going along with a slight red shift of the signal. Between 180
and 240 K, the signal height remains almost constant, but the signal is
significantly red-shifted particularly above 210 K. The signal exhibits an
almost linear dependence of the red-shift with temperature and disap-
pears after annealing above 400 K with a final signal position of ~1950
cm-1. The signal height increases significantly when heating from 240 to
320 K (Figure S9a) and further decreases rapidly above 350 K. A similar
increase of the COtop intensity is also observed in the XP spectra in the
same temperature range (240 - 320 K) indicating a reordering of the CO
molecules on the surface, thereby changing the dipole interactions that
lead to the observed red shift in the IRRAS data. The signal at around
1900 cm-1 exhibits a constant position (white line in Fig. 5a) and an
almost linear decay of the signal intensity with temperature (inset in
Fig. 5a) resulting in a loss of the signal at 270 K. However, the signal
intensity is not zero at this temperature as shown in the inset in Fig. 5a.
The CObridge/hollow signal vanishes as a feature at higher wavenumbers is
evolving. Along with CObridge/hollow, this new feature results in a
shoulder at lower wavenumbers than the COtop signals (Figure S9). This
shoulder starts to vanish only at T > 300 K. The total carbon coverage
also decreases in the XPS data when the sample is heated from 220 to
270 K by 0.05 ML (Fig. 2 and Figure S4). In this temperature range,
rearrangement of CObridge/hollow to COtop is observable in the XPS data.
However, since the COtop signal only increases by 0.01 ML but CObridge/

hollow decreases by 0.05 ML, 0.04 ML of CObridge/hollow desorbs in this
temperature range according to the peak intensities acquired from the
XP spectra. COedge also starts to desorb at 230 K but only decreases by
0.02 ML upon annealing to 270 K and vanishes completely at 325 K.
Thus, most of the desorption taking place at temperatures below 270 K
can be assigned to desorption of CObridge/hollow. In conclusion, XPS and
IRRAS show reorganization at temperatures below 300 K and the partial
desorption of CObridge/hollow is observed in XPS in agreement with the
first desorption maximum at T < 300 K in the TPD spectrum. The

inconsistency between the desorption temperature listed in Table 4 are
due to the fact that the XPS CObridge/hollow temperature is determined
from the vanishing of the signal while the IRRAS temperature gives the
temperature at which the CObridge/hollow signal is not distinguishable
from the shoulder/background anymore.

3.2. Annealed (C- and O-precovered) Co clusters

The annealed Co clusters are covered with carbon and oxygen from
CO dissociation, which offers the possibility to investigate CO adsorp-
tion on annealed, C- and O-covered Co clusters. By XPS, four CO
adsorption and TPXPS experiments on the annealed and C- and O-
covered clusters were performed and the C 1s and O 1s spectra taken at
CO saturation coverage for each adsorption and annealing cycle are
shown in Figure S10 in the Supporting Information, showing similar
results in all cases. The data shown in this section was acquired during
the third adsorption and annealing cycle (Figure S10) which was fol-
lowed in situ in the C 1s core level region. The XP spectra of this CO
adsorption experiment are shown in Fig. 1d. The first spectrum recorded
prior to CO exposure is similar to the spectrum shown in Fig. 3b or
Figure S3b. When the sample is exposed to CO, the COtop signal starts to
increase first which can be followed in the quantitative analysis shown
in Fig. 2c (blue). In this CO adsorption experiment the binding energy of
COtop stays constant at 285.75 eV. At the same time, CCo, surface decreases
while CCo slightly increases (Fig. 2c, orange and green). This is attrib-
uted to the population of the surface with CO molecules. Thereby, the
surface core level shift vanishes [12,28]. The binding energy of the
surface feature shifts to higher values with increasing CO coverage until
it is finally similar to the binding energy of CCo (Fig. 1d). Thus, the signal
of CCo is increasing during CO adsorption at the expense of CCo, surface.
Please note that the decrease of CCo, surface and the increase of CCo should
be equivalent, but the intensity of CCo is damped by the adsorbed CO. At
1.02 L, COtop reaches a maximum coverage of 0.14 ML which is 0.04 ML
smaller than the COtop coverage on the as-prepared Co clusters. The
intensity of COtop stays constant up to 1.21 L. At 1.27 L, CObridge/hollow

starts to grow at a binding energy of 285.19 eV while COtop decreases.
The same change in adsorption sites with increasing CO coverage was
already reported by Weststrate et al. [7] for CO adsorption on Co(0001).
CCo, surface vanishes completely at an exposure of 1.77 L and CCo reaches
its maximum coverage of 0.06 ML. Please note, the total carbide
coverage is now less (θ(CCo + CCo, surface) = 0.06 ML) than in the
beginning of the CO adsorption experiment on the precovered clusters
(θ(CCo + CCo, surface) = 0.09 ML). This is again due to damping of the
carbide by the adsorbed CO layer while the actual carbide amount
present on the clusters is not affected. At higher CO exposures, COtop

decreases to 0.12 ML while CObridge/hollow increases to 0.10 ML and
reaches its final binding energy of 285.28 eV. Fig. 3c depicts the spec-
trum recorded after CO adsorption including the fitted peaks. In this
adsorption experiment on the annealed clusters, no CO adsorption at
edges of the clusters was observed. Thus, we conclude that these sites are
now blocked for the adsorption of CO by carbon and oxygen. The CO
saturation coverage in this experiment is 0.22 ML which is 0.10 ML (=
30%) less than in the adsorption experiment on the as-prepared clusters.
This again supports the assumption that adsorption sites are blocked by
the dissociation products of the first CO adsorption experiment. The O 1s

Table 4
Desorption temperature of CO on as-prepared and annealed Co clusters as determined by the XPS, IRRAS and TPDmeasurements. The temperatures are given in K. The
XPS and IRRAS temperatures are determined by the temperatures where the corresponding species vanishes while the TPD temperature corresponds to the desorption
maximum in the spectra.

As-prepared Annealed Literature
XPS IRRAS TPD XPS IRRAS TPD

COtop 400 400 400 400 400 400 400 [7,25]
COedge 325 – 320 – – – 320 [30,31]
CObridge/hollow 370 270 260 300 270 220 - 250 240 - 250 [7] 260 [25]
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spectrum measured after the CO adsorption experiment is shown in
Fig. 3f. The oxygen coverage determined from the fits is 0.14 ML for
COtop and 0.08 ML for CObridge/hollow. Thus, the total CO coverage is also
0.22 ML as determined from the C 1s data. However, the distribution
between the components is slightly different which is attributed to the
uncertainties in the experiment and the analysis of the data. Same as the
cobalt carbide, the cobalt oxide peak decreases during the CO adsorption
experiment from 0.11 to 0.06 ML due to damping of the emitted pho-
toelectrons by the adsorbed CO. However, while CCo, surface shifts to
higher binding energy during CO adsorption, OCo shifts to lower binding
energy from 529.73 to 529.59 eV.

In comparison to the XPS data, where the number of distinguishable

CO features decreases from three signals (COedge, COtop, CObridge/hollow)
for the as-prepared clusters to two signals (COtop, CObridge) for the
annealed/precovered clusters, the IRRA spectrum (blue, Fig. 4a), which
was taken after exposing the annealed clusters to CO until saturation,
shows no distinct changes. The most prominent change upon annealing
is the development of a well-defined signal around 2025 cm-1 replacing
the low-energy shoulder of the signal observed for the as-prepared
clusters (Fig. 4a). Furthermore, the maximum of the most intense
signal is slightly red-shifted and now observed at 2068 cm-1. The peak at
lower wavenumbers assigned to CO adsorbed at bridge or hollow sites
exhibits a smaller linewidth and is blue shifted to 1913 cm-1. An inte-
gration of the IR spectra revealed that the first annealing results in a

Fig. 5. IRRAS annealing series of CO adsorbed on Co particles. The particles were heated to the temperature given on the y-axis before the IR spectra were taken. (a)
Annealing series of CO adsorbed on as-prepared Co clusters (corresponding to the black IRRA spectrum and black TPD in Fig. 4). The inset shows the evolution of the
signal intensity marked in (a) by the white line. (b) annealing series of CO adsorbed on annealed Co clusters (corresponding to the blue IRRA spectrum and blue TPD
in Fig. 4). The inset shows the evolution of the signal intensity marked in (b) by the white line.
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reduction of the IR intensity by 10% indicating adsorption side blocking
as also determined from the XPS data. With respect to the smaller
decrease of IR intensity as compared to that observed by XPS it is
important to keep in mind that annealing of the particles will lead to
restructuring/sintering both of which can change the CO adsorption
properties. Due to the metal surface selection rule changes in adsorption
geometry with respect to the surface will impact signal intensity. The
latter can also be altered by changes in electronic and dynamic coupling
of the CO molecules. Hence, IR intensity is not expected to compare
quantitatively with the XPS result.

After reaching CO saturation on the C- and O-covered Co clusters,
temperature-programmed XPS was performed. The quantitative analysis
of the C 1s data is shown in Fig. 2d. Since the sample temperature in the
CO adsorption experiment on the annealed clusters was 35 K higher (TS
= 150 K) than in the first adsorption experiment (TS= 115 K), the TPXPS
also starts at 150 K. Yet, no changes in the spectra were observed when
the sample was heated to 170 K. Further increase of the temperature
leads to the desorption of CObridge/hollow while COtop starts to increase
due to a change in adsorption sites. Fig. 2d shows that indeed the total
CO coverage decreases at T > 170 K and not all of the CO molecules
adsorbed at bridge/hollow sites change to on-top adsorption sites. At
228 K, COtop reaches a maximum of 0.15 ML which is similar to the
maximum COtop coverage during CO adsorption. COtop starts to decrease
at T > 260 K. Simultaneously, CCo, surface reemerges and CCo starts to
decrease. CObridge/hollow vanishes completely at 290 K while COtop and
CCo keep decreasing and CCo, surface increases. During the reappearance
of CCo, surface, it shifts to lower binding energy until it reaches its initial
binding energy of 282.77 eV. At 395 K, all CO has desorbed from the Co
clusters. At the same temperature, CCo and CCo, surface reach a similar
coverage as in the beginning of the CO adsorption experiment of 0.04
and 0.05 ML, respectively. By annealing the sample to 550 K no further
changes are observed. All other features in the C 1s core level region (C1,
C2, CRh, Cgraphitic) do not change throughout the CO adsorption and
TPXPS experiments on the annealed clusters (Figure S2c and S2d). In
this temperature-programmed experiment of the annealed Co clusters,
no CO dissociation occurs because the carbide and oxide coverages are
similar before and after the experiments. This indicates that the active
sites – that is the edges of the clusters – are blocked by carbon and ox-
ygen adatoms or have vanished completely upon restructuring and
agglomeration of the Co clusters. As discussed before, cluster ripening/
restructuring results in the clusters adapting a more 3D structure. Hence,
the available adsorption sites on the clusters’ surface are altered as well,
which can also lead to the disappearance of active sites for CO dissoci-
ation upon annealing. Such passivation of the catalytic activity of
nanoclusters was also found for Fe clusters on h-BN/Rh(111) [12].

TPD measurement was also performed upon CO adsorption on the
annealed Co clusters. In comparison to CO desorption from the as-
prepared Co clusters (black, Fig. 4b), the integral intensity decreases
by 23 % for the annealed Co clusters (blue, Fig. 4b), similar to the
reduction found in XPS of 30 %. Apart from the reduction of the integral
intensity, the first annealing also alters the shape of the desorption
spectrum. In particular, the low-temperature desorption feature of the
as-prepared clusters at 270 K is shifted to lower temperature exhibiting a
first maximum at 220 K for the annealed clusters. The maximum is
rather broad and extents up to 250 K. A shift to lower temperature for
CObridge/hollow desorption is also observed in the XPS data. CObridge/hollow

vanishes at 300 K which is a 70 K lower temperature than observed for
the as-prepared clusters (370 K). While the desorption of the as-prepared
clusters shows a peak at 320 K, this feature is lost for subsequent TPD
spectra. It should be noted that the CO TPD spectrum from the unre-
constructed Co(11-20) surface exhibits a small peak around 320 K which
is depleted upon CO induced reconstruction of the surface [30].
Concomitantly, the reconstruction leads to the appearance of the above
mentioned low-temperature peaks in the TPD spectra, which is quali-
tatively like the effect observed for the clusters upon annealing. The
most intense peak is again found around 400 K, only its intensity drops

after the first annealing. With respect to the most strongly bound CO, the
TPD spectra reveal no significant change of the binding strength but
some reduction in intensity indicating a loss of these adsorption sites.
The XPS data also shows no significant change in binding strength of the
most strongly bound CO feature (COtop). For the as-prepared and
annealed clusters, COtop vanishes completely at 400 K in both experi-
ments in agreement with the TPD results.

The annealed Co clusters were also investigated by IRRAS after
exposure to CO. The second IRRAS annealing series of the sample is
shown in Fig. 5b (and Figure S9b) and reveal some changes. Firstly, the
main signal around 2070 cm-1 is stable up to about 180 K and disappears
at about 230 K. Concomitant to this decrease, the signal at 2030 cm-1

increases in intensity and both signals are shifted to lower wave-
numbers. Qualitatively, the development of the latter signal is similar to
that observed for the as-prepared clusters, however, the red-shift de-
viates from a simple linear correlation and the increase in signal in-
tensity at intermediate temperatures (260 - 350 K) is even more
pronounced than for the as-prepared clusters, similar to the XPS data.
Moreover, the rapid decrease of the signal intensity above 350 K is very
comparable in both cases mirroring the similarity of the TPD spectra and
TPXPS data at high temperatures. The signal height of the bridge bonded
CO molecules decreases monotonically. Contrary to the as-prepared Co
clusters which show a linear decrease of the intensity, the signal of the
annealed sample decreases only by about 25 % up to 220 K and disap-
pears at 270 K. It should be noted though, that IR intensity remains in
the range compatible with bridge/hollow bonded CO at higher tem-
perature. However, the spectra do not show a distinct signal anymore,
which renders the quantification of this signal difficult. The desorption
curve of CObridge/hollow is also steeper for the annealed clusters in the XPS
data (Fig. 2). Desorption of CObridge/hollow starts at 200 K and the species
vanished completely at 300 K. The investigations on Co single crystal
surfaces have shown that the thermal desorption of CO as well as the IR
signals are strongly altered by the presence of defects or impurities on
the surface. The latter is particularly important as CO dissociation was
shown in the XPS data to occur in agreement with findings for the low
index Co single crystal surface at elevated temperatures. With respect to
the Co clusters, it is expected that growth of the Co clusters at low
temperature will result in clusters not adopting the thermodynamic
equilibrium shape. As shown by an additional annealing series on Co
particles annealed prior to CO adsorption (Figure S14), the observed
effects for the different annealing series result from a combination of
thermally induced restructuring of the clusters and decomposition of CO
and the corresponding impurity formation, which have also been
observed by XPS.

After the first annealing cycle the adsorption properties of the clus-
ters remain stable as the IRRAS and XPS results for subsequent adsorp-
tion/annealing series are very similar (see Supporting Information).
Annealing to higher temperatures of up to 1100 K shows a further
agglomeration of the particles and subsequently the intercalation of Co
(see Supporting Information).

4. Conclusion

Graphene-supported Co clusters were investigated in this work by
XPS, IRRAS and TPD. CO was used as probe molecule to determine the
available adsorption sites on the Co clusters. The XPS measurements
revealed CO adsorption at edge, on-top and bridge/hollow sites on the
as-prepared Co clusters. The existence of three different adsorption sites
were confirmed by the TPD measurements with maxima at 260, 320 and
400 K for CObridge/hollow, COedge and COtop, respectively. Upon annealing
the sample to 450 K (TPD, IRRAS)/550 K (XPS), CO dissociation and
cluster restructuring was observed. Due to the dissociation of CO, the
clusters become covered with carbon and oxygen adatoms. For the
evolving cobalt carbide, a surface core level shift was observed in the C
1s core level spectra which vanishes after CO adsorption. Further CO
adsorption experiments on the annealed/precovered clusters showed a

N.J. Waleska-Wellnhofer et al. Surface Science 749 (2024) 122573 

9 



decrease in the amount of CO adsorbed on the clusters for all applied
methods due to site blocking by the adatoms. Thus, no adsorption at
edge sites was observed. On the precovered clusters no further CO
dissociation was observed. We conclude that the carbon and oxygen
adatoms are blocking the active sites on the clusters for CO dissociation
and determine the active sites as the edges and kinks of the clusters.

We showed in this work, that the use of different spectroscopic
techniques is necessary to gain an overall understanding of such system,
while IRRAS revealed changes in dipolar coupling during reorganization
of the CO molecules, TPD was used to determine the desorption tem-
peratures in a precise manner and XPS revealed quantitatively the
population of the adsorption sites during CO exposure and the impurities
upon CO decomposition. All information considered, we have gained a
comprehensive understanding of the as-prepared and annealed/C- and
O-precovered Co/graphene/Rh(111) system.
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[25] T. Risse, A. Carlsson, M. Bäumer, T. Klüner, H.J. Freund, Using IR intensities as a
probe for studying the surface chemical bond, Surf. Sci. 546 (2003) L829–L835,
https://doi.org/10.1016/j.susc.2003.09.044.

[26] G.A. Beitel, A. Laskov, H. Oosterbeek, E.W. Kuipers, Polarization modulation
infrared reflection absorption spectroscopy of CO adsorption on Co(0001) under a
high-pressure regime, J. Phys. Chem. 100 (1996) 12494–12502, https://doi.org/
10.1021/jp960045f.

[27] D.P. Woodruff, A.M. Bradshaw, Adsorbate structure determination on surfaces
using photoelectron diffraction, Reports Prog. Phys. 57 (1994) 1029–1080, https://
doi.org/10.1088/0034-4885/57/10/003.
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