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ABSTRACT 
Inverse oxide/metal model systems are frequently used to investigate catalytic structure–function relationships at an atomic level. 
By means of a novel atomic layer deposition process, growth of single-site Fe1Ox on a Pt(111) single crystal surface was achieved, 
as confirmed by scanning tunneling microscopy (STM). The redox properties of the catalyst were characterized by synchrotron 
radiation based ambient pressure X-ray photoelectron spectroscopy (AP-XPS). After calcination treatment at 373 K in 1 mbar O2, 
the chemical state of the catalyst was determined as Fe3+. Reduction in 1 mbar H2 at 373 K demonstrates a facile reduction to Fe2+ 
and complete hydroxylation at significantly lower temperatures than what has been reported for iron oxide nanoparticles. At reaction 
conditions relevant for preferential oxidation of CO in H2 (PROX), the catalyst exhibits a Fe3+ state (ferric hydroxide) at 298 K while 
re-oxidation of iron oxide clusters does not occur under the same condition. CO oxidation proceeds on the single-site Fe1(OH)3 
through a mechanism including the loss of hydroxyl groups in the temperature range of 373 to 473 K, but no reaction is observed on 
iron oxide clusters. The results highlight the high flexibility of the single iron atom catalyst in switching oxidation states, not observed 
for iron oxide nanoparticles under similar reaction conditions, which may indicate a higher intrinsic activity of such single interfacial 
sites than the conventional metal-oxide interfaces. In summary, our findings of the redox properties on inverse single-site iron oxide 
model catalyst may provide new insights into applied Fe-Pt catalysis.  
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1 Introduction 
Supported nanoparticle catalysts have immense societal impact 
due to their critical role for heterogeneous catalysts in industrial 
chemical production [1, 2]. Despite significant progress over 
the last century, a fundamental understanding of the processes 
underpinning heterogeneous catalysis is still lacking. It is 
generally recognized that the metal to metal oxide interface 
plays a critical role for the activity and selectivity in many 
reactions [3–10]. However, the nature of the interfacial sites 
remains elusive. Electronic and geometric properties [11], 
oxygen defects [12], and interfacial hydroxylation [5] may all 
greatly influence the catalytic properties. The failure to accurately 
predict catalytic structure–function relationships is closely 
tied to the material complexity of applied heterogeneous 
catalysts that hamper extraction of atomic level information. 
The situation is further complicated by the dynamic interaction 
of the catalyst with a reactive environment. To obtain relevant 
information on the properties of the active phase of catalysts, 
analysis is preferably conducted at conditions pertinent for the 
reactions of study [13–15]. A successful strategy for achieving 
atomic level understanding of catalysts is the application of 
simplified model catalysts with uniform and well-defined 
surface structures [8, 16]. This has been proven especially 

successful when combined with surface sensitive in-situ 
techniques [17, 18]. A widely used model system is the so called 
inverse oxide/metal catalyst that consists of a metal oxide 
deposited on a well-defined single crystal metal surface. Inverse 
catalysts have been employed in studies of structure–function 
relationships by advanced techniques including scanning 
tunneling microscopy (STM), X-ray photoemission spectroscopy 
(XPS), low energy electron diffraction (LEED), and more 
recently by in-situ and ambient pressure surface techniques 
such as ambient pressure XPS (AP-XPS) [17–21].  

Growth of surface oxides with thin film, cluster, or nanoparticle 
morphologies may be realized through physical vapor deposition 
(PVD) of the metal and subsequent annealing in O2 [15, 22]. 
By controlling the metal coverage and annealing temperature 
the oxide/metal interface morphology and electronic structure 
can be tuned to optimize its catalytic activity [23]. Nano 
dimensional islands of FeOx deposited on Pt(111) has been 
extensively studied and the size and structure of the islands 
show pronounced effects on the reactivity for several reactions 
[1, 24–27]. However, formation of atomically dispersed iron 
oxide species supported on Pt(111), the structurally most 
simple inverse model catalyst, by conventional PVD methods 
remains challenging. 

Recently, Cao et al. demonstrated successful fabrication of 
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atomically dispersed iron hydroxide [Fe1(OH)x] species on 
silica supported Pt nanoparticles by taking advantage of the 
self-limiting growth and steric hindrance processes inherent 
to atomic layer deposition (ALD). The resulting Fe1(OH)x-Pt 
powder catalyst exhibits exceptional activity and selectivity 
for preferential oxidation of CO in a hydrogen ambient 
(PROX) [28]. Through application of a similar ALD growth 
method, we here demonstrate the formation of atomically 
dispersed iron oxide (Fe1Ox) sites on a Pt(111) surface as 
shown in the schematic model in Fig. 1. The chemical state and 
morphology of the model catalyst was investigated in situ by 
STM and AP-XPS at different synthesis steps of the fabrication, 
confirming the formation of single iron atom species on the 
Pt surface. The dynamic interplay of the catalytic active sites 
under PROX conditions was investigated by AP-XPS. The 
results indicate that the high catalytic efficiency can be traced 
from the unusually high flexibility in changing the oxidation 
state of the iron center.  

 
Figure 1  Schematic model of the ALD process that results in atomically 
dispersed iron oxide species on the Pt(111) surface. Steric hindrance of the 
precursor Cp ligands ensures separation of FeCp* species and limits the 
coverage of FeCp2 adsorbed on the Pt(111) surface. 

2  Experimental section 
The Pt(111) single crystal was cleaned by cycles of Ar+ 
sputtering and annealing in 1 × 10−6 mbar O2 at 873 K 
followed by annealing in ultrahigh vacuum (UHV) at 973 K. 
The cleanliness of the surface was confirmed by STM and XPS. 
The STM images from the clean Pt(111) surface are presented 
in Fig. S1 in the Electronic Supplementary Material (ESM). 
Iron oxide clusters were grown in-situ on the clean Pt(111) 
surface using ALD. Pt(111) was first exposed to ferrocene (Alfa 
Aesar, 99%, the precursor was purified by annealing to 373 K 
under vacuum for a few cycles) at 298 K and then to 1 × 10−6 
mbar of O2 (99,9995 vol.%) at 473 K in order to remove 
residual ligands from the precursor [29]. The FeCp2 was 
introduced into the UHV chamber through a high precision 
leak valve. Three doses were evaluated: 15 L, 45 L and 500 L 
(the latter corresponds to a saturation dose, where 1 L = 1 
Langmuir). After preparation, the sample was transferred to 
an Omicron variable temperature STM (VT-STM) operated 
at 298 K in the constant current imaging mode using electro-
chemically etched tungsten tips.  

The in-situ XPS was performed at the AP-XPS endstation 
of the HIPPIE beamline at the MAX IV laboratory in Lund, 
Sweden. The endstation consists of an analysis chamber 
equipped with a differentially pumped Scienta-Omicron HiPP-3 
electron energy analyzer. An ambient pressure cell (AP Cell) was 
docked to the analyzer for the ambient pressure experiments. 
The Pt(111) sample was cleaned in the preparation chamber 
of the endstation using the same procedure as previously 
described. Immediately following ALD preparation, the sample 
was transferred to the AP Cell and the XP spectra of the C 1s, 
O 1s, Fe 2p regions were collected at photon energies of 750 
and 900 eV. The sample was annealed in 1 mbar O2, and then 
in 1 mbar H2. Finally, 1 mbar of PROX gas with a molar ratio 
of H2:CO:O2 = 4:2:1 was introduced into the cell for analysis 
under relevant reaction conditions. 

3  Results and discussion 
The adsorption mechanism for ferrocene on Pt(111) was 
investigated by STM at increasing coverages. Figure 2 shows 
the surface after exposure to a dose of 15 L FeCp2 at 298 K. A 
uniform distribution of well-separated protrusions, assigned 
to adsorbed FeCp2 fragments, is observed (additional STM 
images are provided in Fig. S2 in the ESM). Line profile analysis 
(Fig. 2(c)) shows two types of protrusions with apparent 
heights of ~ 0.20 and ~ 0.11 nm. In agreement with literature, we 
assign these protrusions to adsorbed FeCp* and cyclopentadienyl 
(Cp*) species [30]. The geometric height of a molecularly 
adsorbed ferrocene is 0.33 nm [31]. No protrusions of such 
height are observed in the STM images. Taken together, the 
STM results suggest dissociative adsorption as the preferred 
reaction pathway. This observation is in agreement with the 
study by Paul et al. [32]. An interesting observation is that 
neither islands nor molecular clusters are observed in the STM 
images at this low coverage.  

In conventional ALD processing, the substrate is exposed 
to a saturating dose of a precursor and then to a reagent for 
selective removal of the ligands [33]. In the procedure presented 
here, the precursor (FeCp2) exposure was varied from below 
saturation to saturation doses. Figure 3 shows STM images 
from the Pt(111) surface after adsorption of 15 L ferrocene 
followed by annealing in 1 × 10−6 mbar O2 at 473 K. The 
annealing in O2 removes Cp ligands and oxidizes the Fe atoms 
deposited onto the surface. The STM analysis shows how the 
oxidation process reduces the coverage of protrusions on the 
surface. Desorption of Cp* fragments is expected to reduce the 
density of protrusions by a factor of 2. However, we observe 
a significantly larger decrease in coverage. We attribute this 
excess reduction in coverage to ferrocene recombination and 
desorption during the annealing process. Figure 3(c) shows 
a line profile across two typical protrusions. The protrusions are 
well-separated and exhibit an apparent height of ~ 0.14 nm, 
similar to the ~ 0.15 nm height observed for a single mono-
layer iron oxide grown on Pt(111) surfaces [32, 34–37]. The 
protrusions are uniformly dispersed over the surface, with 
no apparent formation of islands and only few clusters or 
nanoparticles observed. The full width at half maximum in 
the lateral directions of an individual protrusion is ~ 0.6 nm, 
a similar size to what has been reported for oxidized single 
atoms of Au and Co supported on copper crystals [38, 39]. 
The protrusions exhibit symmetrical round shapes suggesting 
species containing a single oxidized iron atom.  

Figure 4 shows a STM image obtained after a dose of 45 L 
FeCp2 at 298 K followed by an oxygen treatment at 1 × 10−6 mbar 
and 473 K. The coverage of protrusions with a size and shape 
corresponding to isolated iron oxide species increases compared 
to the 15 L dose. Most of the protrusions are isolated, but a 
slight agglomeration into clusters can now also be observed.  

 
Figure 2  (a) STM images of the Pt(111) surface after exposure to 15 L 
FeCp2 at 298 K. The STM scanning parameters are −0.32 V and 0.31 nA. 
(b) height profile across FeCp2 fragments as indicated by the black line in 
(a) confirms the formation of both Cp* and FeCp* species. 



Nano Res.  

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 

3 

 
Figure 4  STM image of 45 L FeCp2 deposited on Pt(111) at 298 K 
followed by annealing in 1 × 10−6 mbar O2 at 473 K. Scanning parameters 
are 1.1 V and 0.31 nA. 

We investigated the stability of the protrusions towards sintering 
by increasing the sample temperature in UHV to 673 K. We 
surprisingly find that although larger nanoparticles are formed, 
a considerable fraction of the monodispersed iron oxide 
protrusions still survive after such high temperature treatment 
(see Fig. S3 in the ESM), distinctly different from the FeOx 
film prepared by PVD where triangular FeOx inslands with 
above 10 nm size are usually formed after the same annealing 
treatment [40]. 

To simulate conventional ALD preparation conditions, we 
exposed the Pt(111) surface to a saturating dose of 500 L 
FeCp2. The preparation was investigated using AP-XPS and 
STM (Fig. 5). After exposure, the surface is covered by a dense 
network of ferrocene fragments. Observation of the bare 
Pt(111) surface was not feasible at this coverage, in agreement 
with previous STM studies of saturated doses of ferrocene on 
platinum [32]. The Fe 2p spectrum shows a peak at 707.6 eV 
corresponding to Fe coordinated to a Cp ligand and the Pt(111) 
surface. The main peak in the C 1s region is positioned at 284.2 eV 
and can be assigned to carbon atoms in cyclopentadienyl  
rings [32]. The weak shoulder in the C 1s spectrum (Fig. 5(b), 

black arrow) at about 286.5 eV is assigned to co-adsorbed CO 
originating from trace level impurities introduced during the 
ferrocene exposure.   

Annealing the sample in 1 × 10−6 mbar O2 at 473 K removes 
the Cp ligands from the surface as confirmed by XPS 
(Fig. 6(b)). As a consequence, all protrusions in the STM 
images (Fig. 6(a)) can be assigned to iron oxide species. Small 
protrusions, associated to isolated iron species, are observed as 
well as patches of clean Pt areas. However, at this coverage, the 
surface may also include a small number of iron oxide clusters. 
The apparent slight difference in dimensions of the isolated 
iron species may be explained by blunt tip conditions caused 
by tip–cluster interaction during scanning. The capacity to 
resolve individual clusters is also influenced by the lateral 
separation of iron species and the proximity to platinum step 
edges. 

Even though a dose of 500 L FeCp2 is above the saturation 
dose on Pt(111), regions of exposed Pt(111) can be observed 
by STM after the O2 annealing step. This may be rationalized 
by a combination of recombinative desorption of Cp* and 
FeCp* adsorbates and oxidation of isolated Cp and Cp 
coordinated to Fe. The latter process leaves a single Fe1Ox 
site at the surface. 

Figure 7(a) shows STM results obtained after two ALD cycles 
of 500 L ferrocene exposure at 298 K and annealing in 1 × 10−6 
mbar O2 at 473 K. The size distribution of the protrusions 
observed in the STM images is considerably wider than what 
is found after a single ALD cycle (Fig. 6). The surface is almost 
entirely covered by nanoclusters suggesting that under these 
conditions isolated oxidized iron species are minority species. 
The increase in FeOx coverage agrees well with the near linear 
increase in intensity of the Fe 2p peak in the XPS spectrum 
(Fig. 7(b)), indicating unrestricted continued growth of FeOx 
during the second cycle.  

The study by Cao et al. reports high activity and selectivity 
for the PROX reaction using a catalyst comprised of atomically 
dispersed iron hydroxide Fe(OH)x sites on platinum nanoparticles 
[28]. Here, we employed AP-XPS to a related model system to  

 
Figure 3  STM images of Pt(111) after exposure to 15 L FeCp2 at 298 K followed by annealing in 1 × 10−6 mbar O2 at 473 K. Scanning parameters are (a)
0.76 V and 0.32 nA; (b) 0.77 V and 0.33 nA. (c) Line profile across two isolated Fe1Ox protrusions as indicated by the black line in (b).  

 
Figure 5  (a) STM image of Pt(111) exposed to 500 L FeCp2 at 298 K. STM scanning parameters are 1.38 V and 0.29 nA. XP spectra of (b) C 1s (hν = 750 eV) 
and (c) Fe 2p (hν = 900 eV) regions collected from the clean Pt(111) surface (black lines) and after adsorption of 500 L FeCp2 (red lines).  
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Figure 6  (a) STM image of Pt(111) after exposure to 500 L FeCp2 at 298 K 
followed by annealing in 1 × 10−6 mbar O2 at 473 K. Scanning parameters 
are −0.25 V and 0.29 nA. (b) C 1s (hν = 750 eV) XP spectra collected for a 
500 L FeCp2 dose before (black) and after (red) O2 treatment at 1 × 10−6 mbar 
and 473 K. 

 
Figure 7  (a) STM image after two complete ALD cycles of 500 L FeCp2 
on Pt(111) at 298 K and annealing in 1 × 10−6 mbar O2 at 473 K. Scanning 
parameters are 1.5 V and 0.35 nA. (b) Fe 2p (hν = 900 eV) XP spectra after 
one (black) and two (red) ALD cycles.  

provide insights into the dynamics of the active sites and 
reaction mechanism under relevant conditions. The surface 
properties of two different samples were compared in order to 
elucidate the role of single hydroxylated iron atoms or nano-
clusters as active sites. Figure 8 shows AP-XPS results from a 
single ALD cycle sample (500 L FeCp2). This sample preparation 
results in isolated iron species as the dominant surface species, 
as shown in the STM image of Fig. 6. The single-site iron 
oxide covered surface was fabricated through exposure to    
1 mbar O2 at 373 K in the ambient pressure cell of the analysis 
chamber. The main peak of the O 1s spectrum (at 529.3 eV, 
black curve) is assigned to a combination of oxygen atoms 
coordinated to Fe and dissociatively adsorbed oxygen on bare 
patches of the Pt(111) surface. We cannot differentiate these 
two adsorption sites due to their overlapping binding energies  

 
Figure 8  Ambient pressure O 1s and Fe 2p XP spectra from a single 
ALD cycle/Pt(111) surface. The spectra were collected under sequential 
treatment of 1 mbar O2, 1 mbar H2 and during PROX conditions 
(H2:CO:O2 = 4:2:1, total pressure 1 mbar). Photon energies for the O 1s 
and the Fe 2p were 750 and 900 eV, respectively. 

[41–43]. The distinct shoulder on the high binding energy 
side can, however, be assigned to hydroxyl species originating 
from trace levels of water in the O2 gas stream [43, 44]. This 
binding energy also corresponds to oxygen atoms linked to a 
carbon atom (e.g. CO bridge position on Pt(111)); however, 
no carbon species are observed in the corresponding C 1s 
spectrum ruling out this interpretation (see Fig. S4 in the 
ESM). The corresponding Fe 2p spectrum shows a peak at 
710.2 eV, a binding energy in the range of what has been 
reported for Fe3+ [40, 45, 46]. The sample was then reduced 
in 1 mbar H2 at 373 K (red line in Fig. 8). The intensity of the 
main O 1s peak at 529.3 eV decreases significantly, while the 
shoulder at 531.3 eV, previously assigned to hydroxyl groups, 
increases in intensity. The changes in the O 1s region is 
interpreted as hydroxylation of oxygen atoms coordinated to 
Fe in combination with water formation and desorption on 
the patches with oxygen adsorbed on Pt(111) [47, 48]. The 
weak O 1s peak at 529.3 eV may tentatively be assigned to a 
low coverage of iron oxide clusters that cannot be completely 
hydroxylated under the present conditions. The relative peak 
intensity (from curve fitting) of the single-site iron hydroxide 
species and iron oxide cluster is 10 to 1, suggesting that most 
of the protrusions in Fig. 6 are single-site iron oxide species. 
Simultaneously, the peak in Fe 2p shifts from 710.2 to 708.2 eV, 
in the binding energy range corresponding to Fe2+ species on 
Pt(111) [45]. The combined Fe 2p and O 1s results indicate 
formation of iron hydroxide Fe1(OH)2, in agreement with what 
has been reported for single-site iron hydroxide supported on Pt 
particles [28].  

After the reduction treatment, the sample was exposed to 
conditions relevant for the PROX reaction (gas flow ratios 
H2:CO:O2 = 4:2:1, at 1 mbar total pressure) at increasing 
temperature. Two distinct peaks at 531.0 and 532.6 eV are 
observed in the O 1s region at 298 K (blue curve, Fig. 8). These 
peaks are assigned to bridge and atop site adsorption of CO 
on the bare Pt(111) surface [41, 49]. The CO adsorption is 
confirmed by the C 1s spectrum (Fig. S5 in the ESM). The 
adsorption of CO, especially at bridge sites on Pt(111), confirms 
the presence of patches of Pt(111) surface not covered by FeOx, 
in agreement with the previous STM observations. However, 
the O 1s peak at 531.0 eV also contains a contribution from Fe 
coordinated hydroxyl groups. The C 1s intensity ratio between 
CO atop to bridge sites is found to be 1.6:1 while in O 1s the 
combined intensity for CO bridge and hydroxyl sites is similar 
to the intensity contribution from CO atop sites (as shown in 
Figs. S5–S7 in the ESM). This allows us to deduce the relative 
contribution of hydroxyls to the 531.0 eV peak to approximately 
36%. The weak iron oxide peak at 529.3 eV previously observed 
during the calcination treatment is still observed, suggesting 
no change in the state of the low coverage of iron oxide 
nanoclusters. The Fe 2p peak shifts back to 710.2 eV indicative 
of formation of a Fe3+ state for a majority of the species. This 
is in agreement with the suggested structure for single site 
Fe1(OH)3 supported on Pt nanoclusters [28]. However, the line 
shape of the spectrum cannot exclude minor contributions from 
2+ species, if present, such minority species may tentatively 
be associated to iron oxide clusters. Taken together, the results 
show the formation of Fe1(OH)3 as majority species on the 
surface. The temperature was then increased to 373 K under 
the same PROX conditions. The line profiles of the O 1s 
and the Fe 2p spectra show no large changes (not shown). 
However, close inspection of the relative intensities shows a 
7% loss of the CO bridge species adsorbed on Pt(111) along 
with 12% loss of the hydroxyl groups coordinated to Fe. 
This observation is in agreement with what can be expected 
for preferential oxidation of CO involving OH groups at the 
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Fe1(OH)3 sites. When the temperature is increased to 473 K, 
we observe a reduction in CO bridge peak intensity that 
corresponds to a 32% loss and a reduction of 26% in the OH 
coverage compared to the coverages at 298 K. Simultaneously 
the Fe 2p peak shifts to 708 eV indicating that the iron species 
are reduced to a predominantly 2+ state [46, 50]. Together the 
O 1s and Fe 2p observations indicate the formation of a majority 
of iron species in the form of Fe1(OH)2. A considerable 
decrease in the OH XPS intensity for the PROX reaction   
at 473 K compared to that at 298 K (Fig. 8(a)) suggests a 
limitation in the oxygen supply necessary for the preferential 
CO oxidation reaction and regeneration of the catalyst. This 
observation implies that the competing hydrogen oxidation 
reaction 2H2 + O2 = 2H2O is not negligible at this temperature, in 
line with the previous work suggesting that the CO selectivity 
decreases at approximately 380 K on a single-site Fe1(OH)x/Pt 
nanoparticle catalyst [28]. 

Based on the above experimental observations, a reaction 
mechanism similar to what was originally proposed by Cao et al. 
for a Fe1(OH)3/Pt nanoparticle catalyst may be suggested for 
the present model catalyst system [28]. The rate-limiting step 
in the catalytic cycle is the initial formation of COOH* species 
through combination of CO adsorbed on a Pt site and an OH 
group of the Fe1(OH)3. This agrees favorably with the by XPS 
determined chemical state of iron as hydroxylated Fe3+ and 
detection of CO adsorbates on Pt sites at room temperature 
(Fig. 8). Adsorbed CO blocks the adsorption molecular 
oxygen on Pt(111) sites under conditions for ambient-pressure 
PROX reaction [34]. However, molecular oxygen from the 
gas stream may adsorb and dissociate at the single iron sites 
forming a Fe(OH)2O2/Pt(111) intermediate. An oxygen atom 
from Fe(OH)2O2/Pt(111) combines with COOH* to form an 
OH group and CO2. The catalyst is now in the state Fe(OH)3O/ 
Pt(111). The lone oxygen atom of the catalyst combines with 
a CO adsorbed on a nearby Pt site to form CO2, regenerating 
the catalyst and closing the reaction cycle. In addition, the 
preferential consumption of bridge CO at 473 K (Fig. 8(a), 
green line) is also consistent with the proposed mechanism. 
The CO supply from the gas steam is insufficient to replenish 
the CO surface coverage at the increased reaction rate for 473 K. 
The slightly weaker adsorption of bridge CO may lead to a 
preferential reaction including this site. Minor contributions 
to the reduction in CO coverage are also expected from the 
CO oxidation reaction on Pt(111) at 473 K [51]. 

Figure 9 presents XPS results for a two ALD cycles sample. 
As shown in the STM results above, this preparation condition 
results in significant formation of iron oxide nanoclusters and  

 
Figure 9  In-situ O 1s and Fe 2p XPS spectra on a two ALD cycles 
sample. The spectra were collected under sequential treatment of 1 mbar 
O2, 1 mbar H2, and PROX conditions. Reaction conditions for PROX: 
H2:CO:O2 = 4:2:1, total pressure 1 mbar. The photon energies for O 1s and 
Fe 2p were 750 and 900 eV, respectively. 

only minor fractions of isolated Fe1Ox species. Similar to the 
one ALD cycle experiment, oxidation in 1 mbar O2 at 473 K 
results in iron oxide formation in the form of Fe3+ (peak at 
529.3 eV in the O 1s and 710.1 eV in the Fe 2p). However, 
reduction under H2 ambient at 473 K does not result in as 
significant hydroxylation as in the case for the single ALD 
cycle preparation (see O 1s and Fe 2p). A control experiment 
was performed over the one ALD cycle sample by exposure to 
1 mbar O2 at 473 K followed by 1 mbar H2 at 473 K as shown 
in Fig. S8 in the ESM. The preparation results in a clear 
signature of hydroxylation. The observation demonstrates that 
iron oxide nanoclusters are not readily hydroxylated, in striking 
contrast to the facile hydroxylation of the single Fe atom 
species formed in one ALD cycle preparations. The presence 
of a peak in O 1s at 529.3 eV is in good agreement with the 
location of the Fe 2p peak at 707.8 eV for iron oxide [45]. The 
distinct nature of the interaction with hydrogen compared to a 
single cycle ALD sample is another indication of a different 
iron oxide structure formed [52]. The observation of CO lines 
during the H2 exposure is attributed to trace contaminants 
from the gas stream. We note that CO adsorption is not detected 
in one cycle ALD sample under similar H2 exposure (Fig. 8(a), 
red line), likely due to effective removal through CO oxidation 
by the highly active single-site iron hydroxide.  

Upon introduction of PROX gas into the chamber the peaks 
at 531 and 532.6 eV, corresponding to CO bridge and CO atop 
adsorption, grow in intensity. However, the relative intensity 
between CO bridge and CO atop is different compared with 
what is observed for the single ALD cycle of iron oxide. The 
relative ratio in C 1s between CO atop and bridge sites is 1.6:1 
for the one ALD cycle sample (see Fig. S7 in the ESM) and it is 
2.7:1 for the two ALD cycles sample (see Fig. S10 in the ESM), 
which is consistent with the anticipated increased site blockage at 
this high coverage of iron oxide clusters as shown by the STM 
results (Fig. 7). No changes in the iron oxidation state, on the 
Fe 2p spectrum, are observed during exposure to the PROX 
reaction gas. This shows that the iron oxide nanoparticles, the 
majority species for this preparation, are not readily re-oxidized 
into a 3+ state, as is the case for single-site iron oxide. The 
observation of a stable chemical Fe2+ state is in line with the 
results from studies of FeOx islands on Pt(111) where it has 
been reported that the presence of CO or H2 in the PROX gas 
mixture stabilizes the iron species against oxidation to Fe3+ [34]. 
This may suggest that a similar reaction mechanism is relevant 
in the present system, in which oxygen gas adsorbs and 
dissociates at the interfaces of FeO-Pt(111) and then reacts 
with nearby CO adsorbed on the Pt substrate [40]. The results 
from curve fitting (Fig. S9 in the ESM) show that the intensities 
of CO bridge and CO atop as well as iron oxide coverage do not 
change as the temperature is increased to 473 K, suggesting 
that CO cannot be oxidized under these conditions. 

4  Conclusions 
We have successfully synthesized an atomically dispersed 
Fe1(OH)x (and Fe1Ox) inverse model catalyst supported on a 
Pt(111) surface by taking advantage of the steric hindrance of 
the FeCp2 precursor. The synthesis of single-site Fe1Ox species 
was investigated in detail by STM for several FeCp2 doses (15, 
45 and 500 L). We conducted in-situ AP-XPS studies of the 
surface to monitor the dynamic changes of this model catalyst in 
the presence of reactive gas streams. XPS results suggest that 
the Fe1Ox motifs are transformed into Fe1(OH)2 by reduction 
and hydroxylation in 1 mbar H2 at 373 K. An oxidation 
process proceeds through additional hydroxylation and results 
in the formation of Fe1(OH)3 species under PROX reaction gas 
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at room temperature. For synthesized iron oxide nanoparticles, 
no obvious hydroxylation is observed under H2 ambient and 
the nanoparticles could not be re-oxidized under PROX 
conditions. By monitoring the CO surface species, we show 
preferential oxidation of CO involving the OH groups at the 
Fe1(OH)3 sites while no obvious CO oxidation is detected over 
the iron oxide nanoparticles. This observation is fundamental 
to the understanding of the PROX reaction in this system, as it 
shows that the flexibility of the iron oxidation state facilitates 
the CO oxidation. The results highlight striking differences in 
chemical properties between iron oxide in the form of single- 
sites and nanoparticles. In addition, the described ALD method 
may provide a new strategy to precisely synthesize inverse model 
catalysts of atomically dispersed oxides to nanoparticles and 
may easily be extended to other model systems. 
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