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We observe that metallic manganese alloyed with polycrystalline 
cobalt promotes the dissociation of CO. Increasing coverages of Mn 
on Co facillitate stronger molecular CO binding energies and 
stronger C(ad) + O(ad) binding energies. These findings show the role 
of metallic manganese in promoting model Co Fischer-Tropsch 
catalysis. 

The Fischer-Tropsch (FT) process has been extensively studied 
for its use in producing hydrocarbons of various lengths from 
carbon monoxide and hydrogen gas.1–3 Due to its tailorability, the 
FT  process has shown promise and continues to compete with the 
energy and petrochemical industries.1,2,4 One area where FT shows 
much promise for growth is for the production of lower olefins. The 
production of lower olefins is one of the most important chemical 
processes in the world today for their use as chemical feedstocks 
for a number of industries. Most lower olefins are produced 
through cracking of a range of hydrocarbon feedstocks such as 
naphtha, gas oil or light alkanes. Due to the energy cost of the 
cracking process and the limited petroleum reserves, there has 
been a push to develop alternative methods of deriving lower 
olefins. The FT to olefins process has shown the ability to break the 
traditional Anderson-Schultz-Flory (ASF) product distribution 
expected with Fischer Tropsch synthesis to produce lower olefins 
from syngas while limiting methane production.5,6 

Among the few catalysts shown to break the ASF distribution 
are manganese promoted cobalt catalysts. Mn/Co systems have 
been shown to promote low chain olefin selectivity, C5+ selectivity, 
affinity for long chain alcohol synthesis, and increase overall 
intrinsic activity.7–11 In addition to promoting FT activity, CoxMn1-xO 
mixtures were shown by Zhong et al. to form Co2C nanoprisms 
under reaction conditions, which promoted the synthesis of lower  

olefins while limiting methane production to approximately 5%.12 
Additional works by Morales et al. used a number of 
characterization techniques (EXAFS, XANES, STEM-EELS, XAS) to 
study the nature of Co, Mn and Ti in Mn/Co/TiO2 catalysts.13–15 
Their studies showed the very diverse and complex states of Mn 
present in Mn/Co alloys (including Mn, Mn(II), Mn(III) and Mn(IV)) 
and the influence of synthesis and pre-treatment on the state of 
Mn and Co. Recently, theoretical work by Pederson, et al., showed 
that metallic Mn with Co(111) produced similar selectivity as 
compared to their experimental work with MnO promoted Fischer 
Tropsch catalysts.7 This work suggested that metallic alloyed Mn 
may produce similar results as MnxOy for promoting Co FT catalysts. 
In this paper, we report our investigation of the interaction of CO 
with metallic Mn promoted cobalt polycrystalline surfaces by 
employing molecular beam techniques in ultra-high vacuum (UHV). 
We show, using surface science techniques and density functional 
theory (DFT), that the addition of metallic Mn as a promoter to Co 
facilitates dissociative adsorption of CO by stabilizing C(ad) + O(ad) 
intermediates. These findings show the role of Mn in a model FT 
system, and provide insight into the unique activity and selectivity 
of Mn/Co Fischer-Tropsch catalysts. 

All experiments were performed in a supersonic molecular 
beam apparatus under ultrahigh vacuum conditions with a base 
pressure of 1 x 10-10 Torr, which has been described in detail in a 
previous paper.16 In this study, various coverages of Mn were 
deposited onto a 10 x 15 x 1 mm Co(poly) substrate which was spot 
welded to cobalt wires for heating (direct current) and cooling. Mn 
deposition was performed with the sample at 100 K and 
subsequently flashed to 900 K at 5 K/s to anneal and alloy the 
sample. Monolayer (ML) deposition was calibrated with a quartz 
crystal microbalance (QCM) assuming the radius of Mn as 1.27 Å. All 
gas molecules were delivered via a neat molecular beam at room 
temperature (incidence energy of ~0.1 eV), which allows for the 
accurate control of the amount of adsorbed target molecules on 
the surface. Temperature programmed desorption (TPD) was 
adopted to analyse the gas phase species that evolved from the 
various Mn/Co surfaces. Reflection absorption infrared 
spectroscopy (RAIRS) was performed at 100 K to study surface 
intermediates. Prior to every experiment, the sample was cleaned 
with Ar+ sputtering and annealing to 950 K. Multiple sputter/anneal 
cycles were used to remove as much bulk carbon as possible from 
the substrate.17 The cleanliness of the surface was verified with
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Figure 1. a.) CO TPD for various coverages of Mn on Co(poly) after 
CO K+W at 100 K. 1a, inset) Total uptake of CO from King and Wells 
experiments b.) RAIRS performed at 100 K after CO impingement at 
100 K for various coverages of Mn on Co(poly). 

Auger electron spectroscopy (AES) before each experiment.
To study the uptake of CO on our surfaces, we performed King 

and Wells (K+W) experiments by impinging a molecule beam of CO 
on each of our Mn/Co samples at 100 K. All K+W experiments were 
performed until the surface was fully saturated with CO (Figure S1). 
Following uptake experiments, CO TPD spectra were obtained 
(Figure 1a). As seen in Figure 1a, CO yields two major desorption 
features on the 0.0 ML Mn/Co surface (i.e., pure cobalt surface - 
green line) at ~400 K and ~640 K. The feature near 400 K is the 
result of molecular CO desorption, while the feature near 640 K is 
the result of C(ad) + O(ad) recombinatively desorbing as CO.17,18 The 
feature seen between 100 K and 150 K is the result of desorption 
from other parts of our probe. It is seen that as the coverage of Mn 
is increased, there is an increase in intensity of the recombinative 
desorption feature and corresponding decrease in the molecular 
desorption feature. The recombinative desorption peak shifts to 
higher temperatures with increased Mn coverage (~775 K for 10 ML 
Mn/Co). These changes denote an increased affinity for Mn covered 
surfaces to dissociate CO and suggest that intermediate C(ad) and 
O(ad) are stabilized on the Mn promoted surfaces. As the coverage 
of Mn on Co increases, new recombinative features appear at 
higher temperatures. For example, the 1.0 ML Mn/Co surface 
(Figure 1, black line) shows three distinct recombinative features at 
~640 K, ~725 K, and ~775 K. We attribute these three desorption 
features to the alloyed nature of our Mn/Co surfaces. The peak at 
~640 K is characteristic of recombinative desorption from cobalt 
rich regions.17,18 For high coverages of Mn (~10 ML), a distinct 
feature is seen at ~775 K. We attribute this feature to 
recombinative desorption from regions rich in metallic Mn. Lastly, 
we attribute the feature seen at 725 K to desorption from mixed

Figure 2. a.) CO TPD from 1.0 ML Mn/Co after CO K+W at various 
temperatures. b.) RAIRS at 100 K after CO K+W at various 
temperatures on 1.0 ML Mn/Co.

cobalt-manganese regions.
To probe the nature of the interaction of adsorbed CO on our 

Mn/Co surfaces, RAIRS was performed at 100 K after CO was 
impinged at 100 K (Figure 1b). For a 0.0 ML Mn/Co surface, a sharp 
feature is seen at 2089 cm-1 corresponding to saturated linearly 
adsorbed molecular CO (Figure 1b, green curve).10,19  As Mn 
coverage is increased, it is seen that the molecular CO vibration 
decreases in intensity, broadens, and shifts to lower wavenumbers. 
The decrease in intensity suggests a decrease in the coverage of 
molecular CO on our surfaces. The shift and broadening of the CO 
vibrational feature with increased Mn aligns with past studies that 
show decreased coverages of molecular CO are more strongly 
bound to the surface.20,21 Since the total uptake of CO on all Mn/Co 
surfaces was seen to be nearly identical (Figure 1a, inset), these 
findings suggests that on Mn promoted surfaces, CO exists in both a 
molecular and dissociated  state (as C(ad) + O(ad)) at 100 K. As Mn 
coverage is increased, the fraction of molecular CO decreases, while 
the fraction of dissociated CO increases. This trend also corresponds 
to the data in Figure 1a, where increased Mn coverages show 
decreased molecular CO desorption and increased recombinative 
desorption. It is important to note that no feature is seen for CO 
interactions with MnO (between 1700 – 1600 cm-1),10,22 suggesting 
that Mn exists as metallic Mn in our system. 

To gain a deeper understanding of the nature of the CO 
dissociation on our surfaces, we performed uptake experiments 
with our sample at elevated temperatures. First, we impinged a 
molecular beam of CO while holding the sample at various 
temperatures and allowed the sample to cool to 100 K. RAIRS and 
TPD experiments were then performed (Figure 2). In Figure 2a, TPD 
after impinging CO at 500 K (above the molecular desorption 
temperature but below the recombinative desorption temperature) 
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shows a similar recombinative desorption feature compared to the
same experiment performed with the sample at 100 K (Figure 2a, 
black curve). Following impinging at 500 K, the sample was cooled 
to 100 K and RAIRS was performed (Figure 2b, red curve). No 
molecular CO RAIRS feature is seen for the experiments performed 
above 500 K. The lack of molecular CO vibrations after exposure at 
500 K and the similarity between the recombinative desorption 
features from the exposures at 100 K and 500 K further suggests 
that the desorption features seen above 650 K are from 
recombinative desorption rather than a strongly bound molecularly 
adsorbed CO entity. When the sample was held at 675 K and 750 K 
(Figure 2a blue and green curves, respectively), a decrease in the 
recombinative feature is observed due to the sample being held 
above the recombinative desorption temperature. At 675 K and 750 
K, the recombinative desorption features at 640 K and 725 K 
decrease. As with the experiments described above at 500 K, after 
impinging CO onto the sample at 675 and 750 K, no molecular CO 
was observed with RAIRS (Figure 2b). 

Auger electron spectroscopy was also employed to characterize 
our surface. As seen in Figure 3a, the AES spectra after evaporating
Mn and annealing to 900 K at 5 K/s show Mn LMM features (540 
eV, 594 eV, and 640 eV). The Mn features increase in intensity with 
increasing Mn coverages. Inversely, the Co LMM features (660 eV, 
717 eV, and 783 eV) decrease with increasing Mn coverages. Figure 
3b shows Auger spectra for a typical 10 ML Mn/Co surface annealed 
to 900 K (orange curve), for an unannealed 10 ML Mn/Co sample 
(magenta curve), and a 10 ML Mn/Co annealed sample following CO 
K+W at 100 K and TPD to 900 K (black curve). It is seen that the 
freshly prepared, unannealed sample displays large Mn features 
and minute Co LMM features. Upon annealing, the Co features 
reappear, and the Mn features decrease in intensity. The change in

Figure 3. a.) AES spectra for various coverages of Mn on Co(poly). 
b.) Auger spectra before annealing, after annealing and after 
experiment for 10 ML Mn/Co.

Figure 4. Schematic energy diagram of molecular CO adsorption and 
dissociated CO adsorption on Mn/Co surfaces. 

the Mn:Co Auger intensity shows that the Mn is migrating into the 
Co surface and alloying with the Co(poly). This aligns with previous 
work by Iijima, et al., which showed a high diffusivity for Mn in 
Co.23,24 An annealed 10 ML Mn/Co surface was impinged with CO at 
100 K and a TPD was performed to 900 K. An Auger spectrum was 
taken of this “used” 10 ML Mn/Co sample (Figure 3b, black line). 
The difference between the Auger before (Figure 3b, orange curve) 
and after experiment (Figure 3b, black curve) is negligible, 
indicating that the surface composition has not changed over the 
course of the experiment. Lastly, Auger was performed on two 
Mn/Co surfaces (10 ML and 0.5 ML) which were intentionally 
oxidized using different methods. In these curves, a clear oxygen 
feature is seen, which corresponds to MnxOy formation (Figure S3). 
Importantly, since no oxygen features appear in any of the 
annealed Co/Mn spectra (nor in the “used” spectra), we are 
confident that Mn is predominantly in the metallic state before and 
after exposure to CO. Lastly, upon heating the oxidized MnxOy/Co 
surface, trace desorption of m/z+ = 55 is detected above 500 K, 
indicating the desorption of MnxOy (most likely from MnO2). This is 
not detected in any of the metallic Mn/Co samples, further 
indicating the metallic nature of Mn on our surfaces. 

To better understand the nature of the interaction between our 
surfaces and CO, we conducted DFT calculations. In contrast to 
earlier work by Pederson et. al,7 we chose to study the HCP (0001) 
facet of Cobalt instead of the FCC (111) facet. HCP cobalt is the 
dominant phase present at low temperatures and the (0001) facet 
has the lowest surface energy.25,26 Therefore, we expect HCP (0001) 
to be a predominant facet in our low temperature studies of 
Co(poly). Mn is found naturally in the I-43m space group, but for 
the purpose of this study was considered as a surface alloy with 
HCP Co.27 It should be noted that Mn readily alloys with both HCP 
and FCC cobalt, and that Mn does not appear to influence the phase 
stability of the cobalt.23,28 For all Mn/Co models, CO adsorption was 
found to be most stable on three-fold hollow sites, in agreement 
with previous studies.29 For the dissociated state, most stable 
structures were found with carbon bound to a hcp hollow site, and 
oxygen bound to a FCC hollow site, as seen previously for Co(0001) 
systems.30,31 The systems were modelled as a 4-layer slab and (2x2) 
surface unit cell. The binding energies of molecular CO and 
dissociated C(ad) + O(ad) were calculated for all surfaces relative to 
gas phase CO and the respective clean surface. For 0.25 ML Mn/Co 
and 0.5 ML Mn/Co, there were 4 and 6 surface configurations 
possible, respectively (Figure S2). For the 0.25 and 0.5 ML systems, 
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the mean binding energies were reported along with the standard
deviation (Figure 4 blue and red curves). 

As seen in Figure 4, an increase in molecular CO binding energy 
of ~0.2 eV was seen for all Mn/Co models compared to 0.0 ML 
Mn/Co with the exception of the 0.5 ML Mn/Co surface, which had 
a larger increase of ~0.35 eV. For the adsorption of dissociated C(ad) 
+ O(ad), clean Co(0001) shows the weakest binding. As Mn coverage 
increases, the binding energy of C(ad) + O(ad) increases, with 1.0 ML 
Mn/Co having the strongest C(ad) + O(ad) binding energy of -2.59 eV. 
For 2.0 ML Mn/Co, the dissociated binding energy is ~ 0.35 eV 
weaker than on 1.0 ML Mn/Co. We believe that this decrease in 
C(ad) + O(ad) binding energy for 2.0 ML Mn/Co might be explained by 
unfavorability of large Mn ensembles to be in a HCP configuration. 
Evidence of this can be seen in Figure 3, where Mn readily alloys 
with Co. For both 1.0 ML and 2.0 ML Mn/Co, the binding of C(ad) + 
O(ad) is stronger than the binding of molecular CO. The observed 
increase of calculated binding energy of C(ad) + O(ad) on Mn 
promoted surfaces aligns with the higher recombinative desorption 
temperature seen experimentally (Figure 1a). Past work by 
Andreoni and Varma suggests that the boundary between 
molecular adsorption and dissociative adsorption of CO is mildly 
dependent on the molecular CO chemisorption energy and mostly 
dependent on the chemisorption energies of dissociated C(ad) and 
O(ad).32 Our findings that C(ad) + O(ad) adsorb more strongly to Mn/Co 
surfaces align with our measurements showing that increased 
coverages of Mn on Co have higher fractions of dissociated CO that 
then recombinatively desorb at higher temperatures. These results 
also suggest that CO is dissociatively adsorbing on our Mn 
promoted surfaces, which is in agreement with the RAIRS findings 
reported here (Figure 1b). 

In summary, Mn annealed and alloyed with Co(poly) was seen 
to increase the dissociative adsorption of CO. Infrared spectroscopy 
showed decreased molecular CO vibrations on Mn covered 
surfaces, which is consistent with TPD findings from CO 
impingement experiments that showed Mn promoted 
recombinative desorption of CO. By holding our sample at 
temperatures above the molecular CO desorption temperature, we 
were able to show minimal change in recombinative desorption 
intensity, suggesting that dissociated CO states become populated 
at low temperature. Lastly, DFT calculations show that Mn covered 
Co(0001) models have increased molecular CO binding energy and 
increased C(ad) + O(ad) binding energy, which correlates with the 
presence of dissociated CO on our samples. These findings show 
that metallic Mn exhibits promoter effects in model Fischer-Tropsch 
catalysts. 
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