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Abstract

Iron sulfides are important in catalysis because of their abundance on earth
and their catalytic activity. In Wächtershäuser’s origin of life theory, Fe/Ni
sulfide deposits in and near to submarine hydrothermal vents (’black smokers’)
catalyzed the production of first organic matter, and recent studies have indi-
cated that iron sulfides might be able to activate CO2 towards conversion into
chemicals such as methanol, formic acids and others. Here, we present a study
of the interaction of carbon dioxide with well ordered iron sulfide films grown
on Au(111). Since the as-prepared film proved to be rather non-reactive to
the molecule, possibly because of the layer’s sulfide termination, we tried to
modify the sulfide’s stoichiometry both by exposing it to atomic hydrogen and
by adding metallic iron. Hydrogen is able to interact with the sulfur on the
surface and to partially remove it, but the resulting surface is still not reactive
towards CO2. X-ray photoemission results show that the addition of metallic
iron is detrimental for the quality of the sample, giving rise to the admixture of
substrate gold to the layer. Insertion of an FeO blocking layer between the sul-
fide and the gold substrate allowed the sulfide to become Fe-rich, enhancing its
reactivity towards CO2, but it was not possible to completely prevent diffusion
between the FeO layer and the substrate. However, we found that an increased
iron content together with the presence of gold was able to activate the layer
towards CO2.
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1. Introduction

Iron sulfides are a group of compounds ubiquitously present in nature, es-
pecially in marine systems. They have attracted much attention and have been
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the object of several studies over the last decades: there are studies of bulk clus-
ters, precipitates [1, 2, 3], and films [4, 5, 6]. Among others, iron sulfide surfaces
have been studied in recent years for their reactivity to H2 in the production
of ammonia [7], to water, and CH3OH [8], just to name a few. The reactivity
of iron sulfides to CO2 has also been a very important topic in the catalysis
community, partially because of the origin of life theory of G. Wächtershäuser
[9], which is based on the submarine production of simple organic molecules by
catalytic sulfide compounds.

As the interest in understanding chemical reactions at the atomic level in-
creases, the detailed control of the surface structure has become of paramount
importance. X-ray photoemission spectroscopy (XPS) has already been em-
ployed to characterize several Fe-S compounds [4, 10], showing that differences
in the surface stoichiometry derived from reconstruction [5] affect the surface
reactivity.

In a recent paper [11], we describe a recipe for the growth of iron sulfide
thin films on Au(111). Their morphological, structural, and chemical properties
were investigated by means of several ultra-high vacuum (UHV) techniques. We
could show that the film is well ordered and has a NiAs-type structure with a
slightly lower Fe occupancy than Fe7S8. The surface of the layer exhibits a
(2×2) reconstruction with respects to its ’bulk’ lattice. We found the film to
be not very reactive to CO2 or other small molecules which we attribute to its
sulfur termination. In this work, we test the reactivity of the in-situ grown iron
sulfide film to CO2 by following two different approaches: modifying the surface
reactivity by exposure to H2, and by addition of metallic Fe. In the second case,
the insertion of an iron oxide blocking interlayer was needed to prevent loss of
iron into the gold substrate.

2. Experimental details

An Au(111) single crystal (MaTecK, 99.999% purity) was used as a substrate
for this study. It was cleaned by repeated cycles of Ar-ion sputtering at 3 keV
followed by annealing at 1000 K for at least 40 minutes in UHV. The annealing
was done by electron bombardment from a filament placed in close proximity
of the sample, and the temperature was monitored with a Chromel-Alumel
thermocouple spot-welded on the side of the crystal. The effectiveness of the
cleaning procedure was tested by low energy electron diffraction (LEED, see
Fig. 1a).

Iron sulfide thin films were grown by molecular beam epitaxy (MBE) in
a dedicated chamber with a base pressure in the 10−10 mbar range, equipped
with a quartz microbalance, an Fe evaporator and a sulfur sublimation cell,
described elsewhere [11]. The growth was performed with the substrate kept at
about 650 K (to allow for film ordering), by evaporating Fe in a reactive sulfur
atmosphere at a rate of 0.1 nm/min [11].

FeO monolayers were grown on the clean Au substrate by following a proce-
dure described by Khan and Matranga [12]: first an Fe monolayer was deposited
by MBE at room temperature. The oxide was then formed by post-oxidation
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via backfilling of the chamber with 3×10−7 mbar of molecular O2 for 500 s with
the sample at a slightly elevated temperature (323 K). Eventually, the sample
was annealed in vacuum at 700 K for 10 minutes.

Sample characterization was done in an Omicron UHV chamber with a base
pressure in the low 10−11 mbar range. STM images were acquired in this cham-
ber with an Omicron room temperature STM (STM 1) operated in constant-
current mode using home-made electrochemically etched tungsten tips. The
WSxM software [13] was used for STM image processing.

The chemical composition of the sample was probed with XPS employing
Mg Kα unmonochromatized radiation (photon energy: 1253.6 eV). Photoemit-
ted electrons were collected with an Omicron EA125 hemispherical electron
analyzer operated at a pass energy of 20 eV (instrumental resolution: 0.6 eV).
Unless the emission angle is given, all of the spectra shown hereafter were ac-
quired in grazing emission geometry: the angle between the sample normal and
the axis of the analyzer was set to 70◦.

Temperature programmed desorption (TPD) experiments were performed
after dosing the gas in a dedicated high-pressure chamber. Data acquisition
was then conducted in the analysis chamber. The sample was positioned in
front of the quadrupole mass spectrometer (QMS) at a distance of about 1 mm.
The head of the QMS was fitted inside a housing with a small aperture in the
front [14], and the whole system was connected to a differential pumping stage.
The short sample-nozzle distance and the differential pumping ensured that gas
desorbing from the sample holder could only contribute weakly to the TPD
spectra. TPD spectra were acquired with a constant heating rate of 0.5 K/s.

For the exposure to atomic hydrogen, the chamber was filled with H2 with
pressures in the range of 10−8− 10−7 mbar, depending on the intended dose.
For experiments involving atomic hydrogen, molecular hydrogen was cracked
by a glowing tungsten filament operated close to the sample surface.

3. Results

3.1. CO2 absorption on the pristine surface

Following the procedure described in Ref. [11], an ∼25 nm thick iron sulfide
layer was grown on the Au(111) substrate. This resulted in a well ordered layer
with sixfold symmetry and a (2×2) surface reconstruction (Fig. 1b).

A series of XPS spectra was measured at different electron emission angles.
In this way, it was possible to vary the surface sensitivity, with the largest
surface sensitivity obtained at the highest emission angle relative to the surface
normal. Carbon, oxygen, and gold could not be detected at all. Fig. 2 shows the
ratio between the integrated areas of the Fe 3p and the S 2p peaks, normalized
by the respective relative sensitivity factors, which take into account the cross
section of the elements [15].

The graph shows that the Fe/S ratio decreases with increasing emission
angle, starting from a value of about 0.43 at 12◦ and decreasing to a value
slightly above 0.1 as 90◦ is approached. From this we conclude that the sample is
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Figure 1: LEED patterns of (a) the Au(111) substrate, and (b) the iron sulfide film recorded
with electrons having a kinetic energy of 127 eV. The brightness of both images was digitally
enhanced to improve the visibility of the spots.

most probably terminated by a layer with a high sulfur content. This conclusion
holds even if the rather large error bar is considered.

The purpose of the present study was to investigate the reactivity of such
films with respect to CO2. CO2 was dosed in the preparation chamber with the
flow adjusted such that the foreline pressure measured with a Pirani gauge near
the turbo pump reached a value of 1 mbar. The pressure in the preparation
chamber could not be measured directly, but we estimate that it was within the
range of 10−2 mbar. The pressure was kept for 30 minutes with the sample at
room temperature. XPS and TPD data (not shown) did not reveal indications
of CO2 or CO2-derived molecules at the sulfide surface.

The typical mechanism for CO2 activation is electron transfer to the molecule[16],
which requires the availability of charge which can be transferred at a low en-
ergy cost. Therefore we felt that reducing the sulfide might activate it towards
the activation of CO2. Ways to achieve this are removal of sulfur and addition
of iron; we followed both directions.

3.2. Surface modification with atomic hydrogen

Several attempts were made to make the film more reactive towards CO2 by
increasing the iron concentration at the surface. One try was to dose atomic
hydrogen. Exposure at room temperature did not lead to any detectable effect.
Then, H dosing was repeated with the sample kept at 100 K, initially with a
dose of 10 L (1 L = 10−6 Torr×s). TPD data recorded after dosage of 10 L of
hydrogen are shown in Fig. 3.

H2S, S, and some H2 are found to desorb. The H2 trace is rather structure-
less and one may assume that at least part of the structures are due to desorption
from the sample holder. The sharp spikes in the H2 spectrum are too sharp for
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Figure 2: Normalized intensity ratio between Fe 3p and S 2p. The red area is an estimate of
the experimental error.

regular TPD maxima; we attribute them to short sparks related to the high volt-
age of the sample heater. The H2S spectrum exhibits a peak at around 250 K,
followed by a large shoulder, which extends up to 400 K. The H2 and S curves
exhibit similar structures with the wide shoulder being barely recognizable in
the H2 spectrum. According to the NIST chemistry webbook [17] H2S should
be accompanied by a significant S signal due to cracking of the H2S molecule
in the mass spectrometer, which is probably the origin of the structures in the
S spectrum. The structure at ∼250 K in the H2 spectrum may also be due to
this, but also a reaction of the H2S at the chamber walls, the mass spectrometer
surface and the inner walls of the QMS housing are conceivable. H2S desorp-
tion means that the film is reduced by sulfur removal, as intended. However,
dosage of CO2 revealed that the surface was not notably activated – no C- and
O-containing species could be detected at the surface with XPS and TPD.

Next, we dosed atomic H in two separate steps. In this ”double exposure”
experiment, the first dosage step was exposure to H as described above. The
sample was then flashed to room temperature (see Fig. 3) in order to desorb
adsorbed H and H2S, thereby freeing surface sites. This was done in order to
remove adsorbed hydrogen and H2S to free sites for further reduction. After
cooling down again to 100 K, a second exposure was carried out with the same
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Figure 3: TPD spectra acquired after dosing 10 L of atomic H2 at 100 K. The masses 34, 32,
and 2 were measured for H2S, S, and H2, respectively.

parameters (dose, pressure, time) as the first one. Different TPD spectra were
acquired for several increasing ”double exposure” doses, and the results for H2S
are shown in Fig. 4.

The results show that the amount of H2S desorbing from the surface increases
with increasing hydrogen dose, with the centroid of the desorption curve shifting
from ∼250 K to ∼360 K for the highest dose. This demonstrates that the surface
is actually modified by the interaction with atomic hydrogen. Consequentially,
XPS data recorded after ”double exposure” of 104 L reveal an increase of the
iron concentration (Fig. 5). In addition, Fig. 5 shows that the S 2p doublet shifts,
with its main peak moving from 161.3 eV to 162.0 eV upon surface reduction by
hydrogen. This is most probably due to a modified coordination of the sulfur
atoms. Consequently, the binding energy of the Fe 2p changes by a similar
amount in the opposite direction, from ∼708.15 eV to ∼707.3 eV for the Fe 2p3/2
peak maximum, indicative of a reduction of the iron atoms.

Davis et al assigned S 2p peaks at 161.4 eV and 162.5 eV to fivefold and
sixfold coordinated sulfur, respectively [11]. The shift in the binding energy
of the S 2p peak observed here indicates, that part of the fivefold coordinated
sulfur is transformed into sixfold coordinated sulfur, giving additional evidence
for an increase of the surface-near iron concentration by the treatment with
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Figure 4: TPD spectra acquired at mass 34 (H2S) for increasing ”double exposure” atomic H
doses at 100 K.

atomic hydrogen.
However, even this treatment did not activate the surface with respect to

CO2. Neither carbon nor oxygen could be detected at the surface after CO2

dosage at room temperature. Note that the surface modification was only possi-
ble with atomic H at low temperature, as modification with molecular H2 proved
to be unsuccessful.

3.3. Surface modification by deposition of metallic Fe

In another approach to increase the reactivity towards CO2, the surface of
the pristine FeSx/Au(111) film was modified by depositing 12 nm of metallic Fe
at room temperature. This produced a disordered surface as indicated by the
absence of visible spots in the LEED pattern. A subsequent 650 K annealing
step was required to order it. However, this step also resulted in the loss of
the extra Fe, which appeared to migrate to deeper layers or into the Au(111)
substrate, leading to a sulfur-terminated outer layer like it was before the iron
deposition step.

Another effect of the annealing step was that gold core levels became visible
in XPS spectrum with the Au 4f intensity corresponding to roughly 25% of a
monolayer (1 ML =̂ 1 Au(111) layer). The Au 4f signal was larger by a factor
of ≈2 at normal emission than at grazing emission (Fig. 6), which excludes that

7



7 3 0 7 2 0 7 1 0 7 0 0 1 6 8 1 6 6 1 6 4 1 6 2 1 6 0 1 5 8

( b )   S  2 p

 

 

Int
en

sity
 [a

rb.
 un

its]

 B e f o r e  d o s i n g
 A f t e r  d o s i n g

B i n d i n g  e n e r g y  [ e V ]

( a )   F e  2 p

 

 

Figure 5: XPS spectra taken in the region of (a) Fe 2p and (b) S 2p before and after the
”double exposure” (104 L of atomic hydrogen at 100 K) TPD experiment.

the Au was located at the film surface. Dewetting, gold diffusion into the film
as well as thinning of the film are conceivable as reasons for the visibility of the
Au 4f levels. Dewetting would be compatible with a larger Au 4f XPS intensity
at normal emission if the holes are deep and small which is not unlikely for thin
films. For the case of gold diffusion the XPS data would mean that the gold
stays below the surface. For the remaining case, film thinning, one may compute
a film thickness of 0.8 nm for an intensity reduction by a factor of 2 when going
from normal to grazing emission, a flat layer and an inelastic mean free electron
path of 2.3 nm as calculated with the Quases IMFP program [18]. While we
cannot exclude that so much iron diffused into the substrate, we consider it
unlikely that the film thickness is reduced significantly below the thickness of
the pristine film, and therefore the dewetting and diffusion scenarios appears
more likely for us.

A comparison of Au 4f XPS spectra before and after deposition of metallic
iron and annealing (after exposure of the sample to CO2) is shown in Fig. 7a.
In this case small carbon and oxygen signals became visible in the XPS spectra
(not shown), but their intensities were too small to allow for a detailed analysis.
We estimate that the carbon/oxygen coverages at the surface were in the range
of a few percent.

A solution to the iron migration problem was sought in the insertion of
a diffusion blocking layer at the interface between the gold substrate and the
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Figure 6: XPS scans of the Au 4f region for the sulfide sample after iron deposition and
annealing. Red dots: normal angle electron detection; blue dots: grazing angle electron
detection.

sulfide film. A tantalum sulfide layer was tried initially, since the corresponding
oxide had been efficient in isolating a TiO2 film in a previous work [19]. However,
while the formation of tantalum sulfide was clear from XPS measurements, the
film did not block the iron migration and therefore it was disregarded.

After this failure we tested the usability of an FeO interlayer (thickness ∼
1 ML). The idea of using FeO as a template to grow the sulfide film came from a
work by Sala et al. [20], who employed it to grow Fe3O4 layers on Pt(111). FeO
monolayers are known to grow well on Pt(111) [21, 22], while the literature of
FeO films on Au(111) is scarce. The quality of the FeO monolayers obtained in
this work was never perfect, nevertheless it was possible to reduce iron migration
into the substrate.

Before sulfide deposition, the FeO layer was characterized with STM and
XPS. Fig. 8a shows the morphology of the film at an intermediate stage of
growth, with a striped texture well visible in the large scale image. The zoom
in the inset exhibits the typical Moiré pattern of the film. This pattern was also
observed with LEED.

The Fe 2p XPS spectrum in Fig. 8b shows the Fe 2p doublet with the 3/2 part
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Figure 7: Au 4f/Fe 3s XPS spectra. (a) without, and (b) with a FeO blocking layer at the
substrate/film interface before and after Fe deposition and annealing.

of the doublet at 710.1 eV and a shake-up satellite at about 6 eV higher energy.
This value is in agreement with that reported in the literature for wüstite (FeO)
[23].

A 25 nm thick Fe sulfide was grown on top of the completed FeO/Au(111)
layer following the same procedure as without the blocking layer. Also in this
case the resulting film was sulfur-terminated and not reactive to CO2. Then
12 nm of iron were added at room temperature, followed by annealing at 650 K
for 10 minutes in UHV, as done before for the film without the blocking layer. In
Fig. 7, a comparison of the Au 4f and Fe 3s peaks before and after Fe deposition
and annealing is shown for a film without (panel a) and with a blocking layer
(panel b).

The left panel of the figure shows that the intensity of the Au 4f is basically
zero when the sulfide is grown without the FeO interlayer. However, the Au 4f
increases notably after Fe deposition and annealing, while the Fe 3s intensity is
basically unchanged. The situation is different when the FeO layer is present.
In this case a small signal coming from the Au 4f doublet is already detectable
right after sulfide deposition. Its intensity was estimated to correspond to about
5−10% of a monolayer and doesn’t change significantly after iron deposition
and annealing. Most important, however, is the net increase in Fe 3s intensity
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Figure 8: a) STM image of a 0.5 ML FeO film on Au(111). The inset shows an enlarged area
of an island (tunneling parameters: V = 2 V and I = 0.1 nA). b) XPS scan of the Fe 2p region
with the FeO satellite indicated by an arrow.

even after annealing the sample, meaning that the extra Fe was able to change
the film stoichiometry. From a surface sensitive XPS spectrum recorded at a
detection angle of 70° with respect to the surface normal (not shown here) we
estimate that the Fe:S concentration ratio is ∼1.35 within the topmost 7.5 Å of
the film. The LEED pattern shows that the (2×2) reconstruction is lifted (Fig.
9b), which again points towards a significant structural change at the surface.

The FeSx/FeO/Au sample was then exposed to CO2. A XPS spectrum of
the surface reveals the presence of some carbon and oxygen (see Fig. 10), which
means that the surface could be activated to chemically interact with carbon
dioxide. The weak oxygen trace in the spectrum of the freshly prepared film is
probably due to the underlying FeO layer. C1s and O1s XPS spectra measured
in normal emission exhibit much weaker peaks than the spectra shown in Fig. 10,
which were taken at a grazing emission angle of 70◦. This is a clear indication
that the C 1s and O 1s intensities stem from oxygen and carbon species at the
surface. The C 1s binding energy of 284.0 eV is compatible with the formation
of a carbide [24]. The C 1s/O 1s intensity ratio normalized by the relative
sensitivity factors is close to 0.5 as expected for CO2 derived species, with the
amount of carbon corresponding to a film with a nominal thickness of 1−2 Å.
Interestingly, after 10 minutes of mild annealing (650 K), the XPS signal from
carbon vanishes (crosses, Fig. 10a), while only the high energy shoulder of the
O 1s peak disappears; most of the oxygen remains at the surface. TPD data
(not shown) suggest that carbon does not desorb from the surface during the
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Figure 9: LEED patterns of (a) the Fe sulfide film grown on Au(111), and (b) the Fe sulfide
film grown on FeO/Au(111) after the addition of metallic iron and annealing. The brightness
of both images was digitally enhanced and the electron energy was 127 eV.

annealing, but is dissolved into the sulfide, while oxygen stays on the surface of
the film.

4. Discussion

In an attempt to summarize and discuss, we have performed CO2 reactivity
studies for a number of differently prepared iron sulfide surfaces: The regular, as
prepared surface turned out to be unreactive towards CO2 at all temperatures.
Next, the iron sulfide film was exposed to atomic hydrogen, which, as judged
by XPS, increased the relative amount of iron in the topmost surface layers by
removing some of the sulfur via H2S formation. This iron rich system turned
out to be nonreactive towards CO2 as well. When iron was added by evapora-
tion and the film was annealed at 650 K, Au was detected via XPS, and a few
percent of oxygen and carbon were detected again via XPS, indicating a slight
onset of reactivity after CO2 exposure. To possibly prevent Au from diffusing,
the Au surface was covered with an FeO blocking layer before the iron sulfide
film was grown. However, Au still showed up in XPS, but the system was un-
reactive against CO2 exposure. When iron was evaporated on this system with
a subsequent annealing to 650 K, 1-2 monolayers of carbon and oxygen were
detected after CO2 exposure. The highest reactivity is found for the film with
the highest iron concentration at the surface, followed by the sample which was
exposed to iron, but without the blocking layer, so that the increase of the iron
concentration was barely detectable. One might have the impression that gold
does play a role, but this is not fully clear. We know that Au islands on thin
oxide films as substrates may be charged [16, 25] and therefore they might act
as a charge source for CO2 activation. However, in the present case the Au 4f
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Figure 10: XPS scans in the energy regions of (a) C 1s and (b) O 1s. For clarity, the data in
panel (a) are plotted with an offset along the ordinate axis.

XPS intensity did not stem from gold at the surface but either from thinning
or de-wetting of the film. In the case of layer thinning there would be no di-
rect CO2-gold contact and in the case of de-wetting one would expect that only
the gold/sulfide boundary is reactive which would make it hard to explain the
observed surface concentration of CO2 fragments unless there is spill over and
catalytic action. From these considerations we might simplistically conclude
that the increased iron concentration is the main reason for the increased re-
activity of the sulfide layers with respect to CO2. However, this assumption is
somewhat at variance with the observation that reduction by atomic hydrogen
did not activate the film surface. In this case there was also an increased iron
concentration, but no CO2 activation. There was no Au 4f intensity in the XPS
spectra, and therefore the conclusion from these data would be that the pres-
ence of both gold in conjunction with iron was required for the CO2 activation.
While the relevance of an increased iron concentration in the layer is rather
clear, further studies might be required to elucidate the role of the gold. These
studies would have to deal with the location of the gold and the structure of the
reduced surfaces. We note that a certain concentration of surface-located gold
would still be compatible with our XPS data. Such gold, if it does exist, might
be able to activate the surface. Finally, also thinning may lead to activation. In
this case one could speculate about a charge transfer from the gold substrate to
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the CO2. It might also be that the gold signal stems from gold dissolved in the
sulfide layer. However, at present these are just speculations; further studies
would be needed.

5. Conclusions

We have studied the activity of well ordered iron sulfides layers on Au(111)
towards CO2 activation. As-prepared layers are not active. This is also the
case for layers reduced by atomic hydrogen. Treating the surface with atomic
hydrogen led to H2S production and thus to a reduction of the sufilde, i.e. an
increased iron concentration. Molecular hydrogen dosage did not have an effect
at all.

We also tried to increase the iron content by deposition of additional iron
(12nm). Ordering of the films required annealing at 650 K which led to a loss
of the iron such that the LEED pattern became identical to what it had been
before deposition, and to the appearance of a gold signal in XPS spectra. The
film prepared this was way was weakly reactive.

In order to prevent iron loss into the substrate we introduced an FeO(111)
diffusion blocking layer between the sulfide layer and the gold substrate. The
iron sulfide layer produced in this way was not active for CO2 activation. After
adding 12 nm of iron and annealing an ordered film with increased iron content
was produced. Exposure of this film to CO2 led to 1-2 Å of CO2-derived species
at the surface showing that this surface could activate CO2.

A relevant parameter for the activation seems to be the increased iron con-
tent, while the role of the gold is not clear. The XPS gold signal does probably
stem either from de-wetted areas or from gold below the sulfide film. In both
cases a direct involvement of the gold in the reaction would not be obvious.
Further studies might be required to find out whether there is also gold at the
surface, whether the sulfide is modified by gold in the film or whether the gold
below the film is able to activate the CO2 by charge transfer.
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