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Abstract 

The preferential oxidation of CO in H2-rich mixtures (COPrOx) is a major catalytic reaction 

utilized for hydrogen purification. In the exploration of alternatives to noble metals, cobalt-based 

catalysts appear to be a very promising choice. The activity and stability of cobalt in the COPrOx 

reaction can be improved by the addition of transition metals and manganese is maybe the most 

prominent among them. Yet, the arrangement of the two components in the catalytically active 

state is largely unknown, which hinders in-depth understanding of the manganese promotion 

effect. Here, we compare pure and Mn-modified cobalt catalysts and correlate their structural 

and chemical characteristics with their COPrOx performance. The Mn-promoted cobalt catalyst is 

significantly more active than pure cobalt especially at intermediate reaction temperatures 

(around 200 °C). The addition of Mn improves the structural stability of the catalyst and helps to 

maintain higher specific surface areas. Chemical and microstructural analysis using various 

operando and in situ techniques revealed that Mn promotes CO conversion by partially stabilizing 

CoO phase during reaction conditions. It is also suggested that at high temperature, Mn suppress 

CO methanation reaction but promotes H2 oxidation. Apart of the particular interest in COPrOx 

reaction, in a general context, this work shows how the spatial distribution of the different 
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1 Introduction 

CO preferential oxidation (COPrOx) is one of the most straightforward and efficient methods 

to eliminate CO from blue hydrogen-feed for subsequent utilization as fuel in proton-exchange 

membrane fuel cells (PEMFCs) [1–4]. An ideal COPrOx catalyst should be highly selective to CO 

oxidation but not to H2 oxidation and CO methanation reactions [4]. Platinum group metals (Ru, 

Au, Pt, Pd) supported on various oxides can achieve 100% CO conversion in the hydrogen feed at 

relatively low temperature [5–9]. However, the high price and limited availability of noble 

materials have urged the development of COPrOx catalysts based on using abundant, thus 

economic viable, elements such as  Cu, Ni andCo [10–13]. Among them, Cu oxides supported on 

CeO2 have comparable performance to noble metal catalysts [14–18]. The excellent activity of 

CuO-CeO2 system was attributed to the remarkable oxygen-storage/releasing capacity of ceria 

and the charge transfer between Cu2+/Cu+ and Ce4+/Ce3+ [19–21].  

Besides copper, cobalt oxide catalysts are known to be active for CO oxidation especially at 

very low temperatures (down to -77 °C) [22]. Moreover, Co3O4 nanostructures with certain 

morphologies [23] or deposited on befitting supports, have displayed excellent activity for 

COPrOx [24–29]. Nevertheless, so far, the reported cobalt-based catalysts cannot meet the 

requirements for successful commercialization in COPrOx reaction. The high onset temperature 

of CO oxidation under COPrOx conditions, CO methanation at higher temperature and the fast 

deactivation of the catalyst are the main performance deficiencies [30]. In the search for a better 

catalysts it has been noticed that the reactivity and selectivity of cobalt can be improved by 

promotion with an additional oxide [31,32]. Among various oxides, MnOx and CeO2 

additives/promoters have shown the most promising COPrOx catalytic performances [32–41].  

Notably, several groups have reported that Mn surpasses other metal promoters and boosts 

cobalt performance for both CO oxidation [32–34,39,40,42–46] and COPrOx reactions [32,34,47]. 

The positive effect of manganese is not well understood, but some authors speculated that MnOx 

contributes to the stabilization of Co3+ species at the surface by facilitating oxidation of Co2+ to 

Co3+ [32,40]. This hypothesis presumes that Co3+ sites of Co3O4 are the active sites for COPrOx 

which opposes recent findings about the negative role of Co3O4 in the activity [48,49]. This 

evident contradiction was a driving force to investigate in detail the promotional effect of Mn on 

Co for COPrOx.  

Pure manganese oxides are active for CO oxidation [50], but there are no reports regarding 

their intrinsic activity as compared to that of cobalt oxides, neither about their selectivity in H2-

rich mixtures. Similar to cobalt, the reactivity of manganese oxides is affected by their oxidation 

state in the order: MnO<MnO2<Mn2O3 at 250 °C [51,52]. This indicates that the oxidation state of 

manganese may be essential for CO conversion over Mn-Co catalyst. However, to the best of the 
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authors’ knowledge the evolution of Mn oxidation state in Co-Mn system during the COPrOx has 

never been studied in detail. This provides an additional motivation for the study of Co-Mn using 

in situ surface sensitive methods.  

In a more general context, understanding the interaction and the arrangement between the 

elements of a hybrid catalyst can help to obtain the desired reactivity by adjusting the 

composition and distribution of these elements [53]. The catalyst components may either form a 

single phase, for example a mixed oxide, or incorporate as a composite material where two or 

more distinct phases are arranged separately at microscopic level. In the latter case, different 

reactivity trends can be obtained depending on the variations of the composition, and the 

distribution, of the two metals/oxides forming the catalyst [8]. Comprehension of the catalyst’s 

performance requires detailed information about the vertical and lateral distribution of the two 

components over a working catalyst. This type of information is typically retrieved from well-

defined model catalytic systems [54], while in this regard realistic powder catalysts, synthesized 

by a standard chemical synthesis methods, remain poorly investigated. Accordingly, this study 

reports on the interaction between cobalt and manganese in powder catalysts, under COPrOx 

conditions. The aim is to describe the relation between the surface oxidation state and the 

resulting catalytic performance. Based on literature results, the Co:Mn = 1:0.125 mixing ratio 

seems to be optimal for COPrOx [34,47]. Therefore, in this work we did not try to optimize the 

Co-Mn catalyst composition, but we adopted the one reported (Co8MnOx) to have the best activity 

[34,47]. For comparison, two other unsupported catalysts (CoOx and CoMn8Ox) were prepared. In 

order to focus on the activity of cobalt oxides and circumvent the effects induced by the support, 

unsupported nanopowders were used. In addition to the ex situ structural and morphological 

characterization (H2-TPR, XRD, ICP, SEM, BET, STEM-EDX, HRSTEM), X-ray spectroscopic 

techniques (NAP-XPS and NEXAFS), including both synchrotron and laboratory based-

experiments, were used to investigate in situ the evolution of each component during COPrOx. 

2 Materials and Methods 

2.1 Catalysts preparation 

Commercially available nanoparticulate cobalt monoxide (CoO, 99.99%, Sigma Aldrich CAS# 

1307-96-6) was used as catalyst in its pure form (CoOx), or as a support for the synthesis of the 

Co-Mn catalyst (Co8MnOx). The Co8MnOx catalyst was synthesized by incipient wetness 

impregnation. In details, 0.5025 g of Manganese (II) nitrate tetrahydrate (Mn(NO3)2.4H2O) was 

dissolved in 0.317 g of water. The obtained solution was added to 1.2 g CoO and the obtained 

mixture was dried in air at 120 °C for 12 h. The dry product was subsequently calcined in air at 

400 °C for 3 h. The same synthesis method was used for the preparation of the reference 

CoMn8Ox catalyst (the atomic ratio of Mn/Co was 8/1 in this case), however, in this case Mn3O4 
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acted as support and was impregnated with the cobalt-containing solution. In details, 1.83 g of 

commercial Mn3O4 (Sigma-Aldrich, 97%) was impregnated with an aqueous solution of 0.582 g 

of Co(NO3)2.6H2O (ACROS Organics, 99%) in 0.144 g of water. Then, the mixture was dried for 12 

h at 120 °C and subsequently calcined in air at 400 °C for 3 h. 

2.2 Catalytic tests  

The catalytic oxidation of CO in the presence of H2 was performed in a fully automated fixed-

bed flow reactor (CETRIB SARL, Andlau, France) [49,55]. 50 mg of the catalytic powder was 

introduced in a quartz glass tube (i.d. 10 mm) and dispersed evenly on a P3 glass frit (16-40 µm). 

Average thickness of the catalytic bed was about 1 mm. The glass reactor was then introduced in 

a tubular oven with the catalyst bed located in the isothermal zone. Gas mixtures were generated 

using calibrated (Serv Instrumentation) mass flow controllers (Bronkhorst). The COPrOx gas 

mixture was composed of 1% CO, 1% O2, 50% H2 balanced in helium. The feed gas was 

introduced in the reactor at a total flow rate of 50 mL·min-1 (1 atm, GHSV ∼ 7,500 h−1). The 

temperature was monitored by a type K thermocouple plunged inside the catalytic bed. The 

reactants and products were monitored by a Compact Gas Chromatograph (CGC from 

Interscience, Belgium) equipped with a TCD detector. Detection and quantification of water was 

not possible since the products were filtered by a moisture trap before the introduction in the GC 

columns. The H2 conversion, which is very low, was not quantified due to the low TCD sensitivity 

in H2 variations when using He as carrier gas. Prior to each test, the catalysts were reduced in 

situ, by using the following protocol: heating at 400 °C for 30 min in 100% H2 (50 mL·min-1) with 

a heating rate of 10 °C·min-1 and cooling back down to 30 °C. The residual oxygen content of the 

gas phase was below 100 ppm. Although not standard in COPrOx studies, the pre-reduction step 

was needed for better consistency with the procedure followed in the spectroscopic studies 

described below. For light-off tests, the catalyst was heated under the COPrOx mixture to 50, 100, 

150, 200, 250, 300 and 350 °C using a ramp of 10 °C·min-1 and dwell time of 30 min at each 

temperature. Short-term stability tests were conducted for about 5 h at 250 and 300 °C. Stability 

tests were performed after light-off tests using the same sample, but pre-reduced in H2 at 400 °C 

to assure the same initial oxidation state of catalysts in stability and light-off tests. The CO and O2 

(XCO, XO2) conversions, the O2 to CO2 selectivity (SCO2), the CH4 selectivity (SCH4) as well as the CO2 

and CH4 yields (YCO2 and YCH4) were calculated as follows: 

CO conversion:   𝑋𝐶𝑂(%) =
𝐶𝑂𝑖𝑛−𝐶𝑂𝑜𝑢𝑡

𝐶𝑂𝑖𝑛
× 100                 Equation (1) 

O2 Conversion:  𝑋𝑂2(%) =
𝑂2,𝑖𝑛−𝑂2,𝑜𝑢𝑡

𝑂2,𝑖𝑛
× 100                 Equation (2) 

CO2 selectivity: 𝑆𝐶𝑂2(%) =
𝐶𝑂𝑖𝑛−𝐶𝑂𝑜𝑢𝑡

2(𝑂2,𝑖𝑛−𝑂2,𝑜𝑢𝑡)
× 100            Equation (3)  
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CH4 Selectivity: 𝑆𝐶𝐻4(%) =
𝐶𝐻4,𝑜𝑢𝑡

𝐶𝑂𝑖𝑛−𝐶𝑂𝑜𝑢𝑡
 × 100                Equation (4) 

CO2 Yield :  𝑌𝐶𝑂2(%) =
𝐶𝑂2,𝑜𝑢𝑡

𝐶𝑂𝑜𝑢𝑡+𝐶𝑂2,𝑜𝑢𝑡+𝐶𝐻4,𝑜𝑢𝑡
× 100        Equation (5)  

CH4 Yield :  𝑌𝐶𝐻4(%) =
𝐶𝐻4,𝑜𝑢𝑡

𝐶𝑂𝑜𝑢𝑡+𝐶𝑂2,𝑜𝑢𝑡+𝐶𝐻4,𝑜𝑢𝑡
× 100          Equation (6) 

where: CO out/in, O2, out/in , CO2,out and CH4, out are the concentrations at in/outlet of the reactor at 

each reaction temperature. The concentration of each gas is quantified by GC peak area 

multiplication with the response factor of each gas determined by external calibration. Note that 

in the case of CH4 formation Eq. 3 overestimates the SCO2, since CH4 and CO2 are not directly 

included in the calculations. Therefore the SCO2 should be consulted in combination with Eq. 4 

and 6.  

2.3 Structural and morphological characterization  

Temperature-programmed reduction (H2-TPR) profiles were recorded in an automated 

catalyst characterization system (Micromeritics, model AutoChem II), which incorporates a 

thermal conductivity detector (TCD). 50 mg of the sample was loaded in a U tube and heated by 

5 °C·min-1 under 10 mL·min-1 of 10% H2 in Ar. Elemental analysis of the calcined Co-Mn based 

materials was performed by Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-

OES, Varian 720ES) after dissolution of the powdered sample in acidic medium followed by 

filtration of residual particles. Ex situ XRD patterns were collected on a Bruker D8 advance 

diffractometer using Cu Kα radiation. The crystallite size of the reduced and spent catalysts was 

calculated using the Scherrer’s equation [56]. For the Co0 hcp (JCPDS 05-0727) and fcc (JCPDS 

15-0806) phases, they were determined according to the line broadening of the (100) and (200) 

plans located at 41.8 and 51.6°, respectively. For the MnO phase (JCPDS 07-0230), the reflection 

at 40.9° corresponding to the (200) plan was used for the calculation.  The BET specific surface 

area of Co-Mn based materials was determined by N2 physisorption measurements, while Kr-

BET was used for pure CoO for higher precision measurements due to the extremely low surface 

area. Samples were degassed at 200 °C for 5 h before launching the adsorption-desorption of N2. 

The specific surface areas were calculated according to the Brunauer−Emmett−Teller (BET) 

method using data points in the relative pressure (p/p0) range of 0.05−0.35. The N2-BET 

measurements were repeated twice with similar results (±10%). Scanning Transmission electron 

microscopy (STEM) analysis of calcined, reduced and spent CoMn8Ox catalysts was carried out 

using a JEOL 2100 FEG S/TEM microscope operated at 200 kV equipped with a spherical 

aberration corrector on the probe forming lens. The samples were dispersed by ultrasonication 

in ethanol and deposited on holey carbon coated TEM grid. The STEM images were carried out 

using a spot size of 0.13  nm, a current density of 140  pA and a camera focal length of 8 cm, 



 

7 

 

corresponding to the inner and outer diameters of the annular detector of about 73 and 194  

mrad. Elemental analyses of Co, Mn and O were carried out with an EDX probe using a silicon 

drift detector (SDD) with a sensor size of 60 mm2. The morphology of fresh and spent catalysts 

was examined by a Zeiss GeminiSEM 500 SEM microscope, combining with energy dispersive X-

ray spectroscopy (EDX) to study the distribution of elements on surface. 

2.4 Synchrotron-based in situ spectroscopic study  

Synchrotron-based in situ NAP-XPS and NEXAFS experiments were performed at CAT branch 

of the EMIL beamlines (Energie Materials In-situ Laboratory Berlin) at the synchrotron radiation 

facility BESSY II of the Helmholtz Zentrum Berlin [57,58]. Two catalysts (pure CoOx and Co8MnOx) 

were examined under identical conditions on a comparative basis. The powder catalysts were 

pressed into pellets and mounted on the sample holder using a stainless-steel mask. The sample 

stage was heated from the back side by an IR laser and the temperature was measured by a K-

type thermocouple attached to the sample surface. The gases were introduced in the analysis 

chamber (about 10 L volume) via four calibrated mass flow controllers (Bronkhorst) and the 

total flow rate was kept constant at 15 mL·min-1. The COPrOx mixture composition was: 1% CO, 1% 

O2 and 50% H2 in He and the total pressure was kept at 0.5 mbar. The gas phase composition was 

monitored by a differentially pumped quadrupole mass spectrometer (QMS, Pfeiffer PrismaPro), 

which was connected to the experimental cell through a leak valve. Unfortunately, the gas phase 

signal changes during reaction were minor and unfit for analysis. The entrance of the electron 

analyzer lenses was of cone-shape (nozzle) ending with a 1 mm diameter hole. The 

sample/nozzle distance during NAP-XPS measurements was kept around 2 mm. The Co 2p and 

Mn 2p spectra were recorded using specific photon energies, so that the collected photoelectrons 

to have the same kinetic energy (240 or 560 eV) allowing similar sample information depths (ca. 

2 and 3.5 nm, respectively). The NEXAFS Co L3-edge and Mn L3-edge peaks were measured in the 

total electron yield (TEY) mode. Given the possibility that Mn oxides might be reduced by the 

synchrotron radiation, Mn 2p spectra have been recorded twice at different time spans of the 

experiment. The similarity of the spectra suggests that the oxidation state of Mn is not affected 

by the continuous exposure to the X-ray beam. 

2.5 Operando NAP-XPS study using a monochromatic AlKα X-ray source  

The operando NAP-XPS study of pure CoOx, Co8MnOx and CoMn8Ox catalysts was performed at 

Charles University in Prague, Czech Republic. The experiments were carried out on a 

photoelectron spectrometer (SPECS Surface Nano Analysis GmbH, Germany) which is equipped 

with a PHOIBOS-150 multichannel hemispherical electron energy analyzer coupled with a 

differentially pumped electrostatic pre-lens system. Spectra were obtained using the 

monochromatized Al Kα X-ray source (1486.6 eV). The powder of fresh as-synthesized catalysts 
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was pressed to pellets and fixed on the sample holder using a stainless-steel mask with a 

window at the top. The thermocouple was welded on the mask at the side which was in contact 

with the sample surface. The reactor cell volume was 0.4 L and the catalyst was investigated in 

1.3 mL·min-1 flow of pure H2, pure O2 and in a COPrOx feed with the CO:O2:H2 molar ratios of 

1:1:98 (note, He was not co-fed in this experiment). Before introduction of the COPrOx gases, the 

sample was pre-reduced in 1 mbar H2 at 400 °C for about 2 h. After cooling down to 50 °C, the 

COPrOx mixture was introduced into the NAP-XPS cell and the pressure stabilized to 1 mbar. The 

XPS spectra were collected after 30 min in each temperature. Similar to synchrotron-based NAP-

XPS the entrance of the photoelectrons to the lenses was via a nozzle, but in this case the 

entrance hole diameter was much smaller (0.3 mm) which allows a distance between sample and 

nozzle of the same value. The gas phase in the cell was monitored by a QMS (Pfeiffer PrismaPro) 

fitted in the 1st pumping stage of the analyzer pre-lenses. Details about the conversion and 

selectivity calculation method by using the QMS signals can be found in supporting information 1. 

2.6 In situ NEXAFS at 1bar under model redox conditions  

The Co8MnOx sample was analyzed in 1 bar of H2 and O2 by NEXAFS at the APE-HE beamline of 

the Elettra synchrotron radiation facility (Trieste, Italy), using a dedicated reaction cell described 

in detail elsewhere [59]. The NEXAFS signal was detected in TEY mode, by probing the drain 

current from the sample with a picoammeter. The gases were introduced in the reaction cell via 

calibrated mass flow controllers keeping a constant gas flow of 50 mL·min-1. Initially the sample 

was treated in O2 at 200 °C for 15 min and subsequently cooled down under He gas flow. In situ 

NEXAFS spectra at Co and Mn L3-edges were recorded at selected temperatures in the 38-250 °C 

range first in 100% H2 and then in 10% O2/He. NEXAFS data were acquired after 15 min at each 

selected temperature point. Data treatment, involving energy alignment, background subtraction 

using an asymmetric least square fitting routine and normalization to the total area under the 

curves, was performed by using the recently developed THORONDOR code [60]. The relative 

concentration of each oxidation state was calculated based on linear combination fit (LCF) 

analysis using as reference NEXAFS spectra of model Co and Mn oxides obtained from previous 

experiments [48] or from the literature [61]. LCF was carried out using the ATHENA program 

[62], for the experimental in situ NEXAFS data at Co and Mn L3-edge, pretreated in THORONDOR. 

LCF errors on the retrieved relative fractions of each component are estimated to be ±5%. 

2.7 Uncertainties in the comparison of spectroscopic results between different setups   

This paper discusses in situ/operando spectroscopic results collected in 3 different 

spectrometers. Evidently the analysis chamber of the spectrometer also serves as a catalytic cell 

in this case. As described above the design of each setup is quite distinct, likely influencing the 

reaction conditions in each experiment. One can mention here the difference in the cell volume, 
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possible offset in the temperature reading due to the positioning of the thermocouple or the type 

of heating (laser or resistive heater), the flow of the reactants and their dilution, or not, in He. All 

these differences complicate the comparison of the results between different spectrometers and 

can explain for example the relatively stable CoO phase in the laboratory NAP-XPS tests as will be 

shown below. Notably, the COPrOx reactants flow has a clear effect on the reactivity and the 

surface oxidation state of cobalt as will be discussed in a future publication [63]. One should note 

that the QMS signal response in the laboratory-based NAP-XPS experiment was better as 

compared to the synchrotron-based NAP-XPS described above. Since the two setups use the 

same QMS, the reason behind this difference is most likely related to the particular reaction 

conditions applied in the two NAP-XPS spectrometers. These include the pressure (0.5 against 1 

mbar), the contact time between the catalyst and the gas phase (linked with the setup design, the 

volume of the reactor/cell (10 vs. 0.4 L), the size of the pellet, the flow rate (15 vs. 1.3 mL·min-1), 

etc.) and definitely the installation position of the QMS in the two instruments. 

2.8 Peak fitting and quantitative analysis of XPS spectra   

The Co 2p spectra were fitted using standard reference curves of metallic Co, CoO and Co3O4 

recorded at the same spectrometer. The full width at the half maximum and the energy difference 

between the three reference peaks were fixed for the fitting. The reference peaks were allowed to 

vary until the difference between their sum and the experimental spectra (residual standard 

deviation, STD) was minimized (typically between 1 and 2). The procedure was repeated twice 

using different initial and final background positions as well as, linear and spline-linear 

backgrounds (this is justified since reference peaks and spectra recorded on the catalysts do not 

necessarily have the same background profiles). The error bars in the quantification of the 

different cobalt oxidation states shown in the bar-graphs below represent the STD of the two 

fitting approaches by the mean value. The deconvolution of the Mn 2p peak is more challenging 

owing to the similarities of the various peaks corresponding to each Mn phase. However, by 

superimposing two Mn 2p spectra small differences were distinguished due to the divergence in 

the peak position and width (of about 0.2-0.3 eV) of the various manganese oxidation states. To 

enhance the robustness of the peak fitting procedure, four different approaches were used for 

Mn 2p peak deconvolution. These fitting approaches involved peak profiles of reference Mn 

components or using 6 individual Gaussian/Lorentzian (GL) peaks, as well as different types of 

background subtraction (linear or Shirley type) [64]. The Mn oxidation state given in this paper 

is the mean value of the four deconvolution processes and the error bar corresponds to the 

maximum deviation among the four approaches. The Mn 2p profile between synchrotron, and 

laboratory-based NAP-XPS setups, was very similar (see figure S2) which validates the utilization 

of the same deconvolution procedure of the Mn 2p spectra in the two experiments. In this way, 

any error in the estimation of the relative amount of the Mn2+, Mn3+ and Mn4+ should be 



 

10 

 

systematic and consistent throughout this study. Quantitative analysis of elements was 

performed using normalized intensities and, for synchrotron-based photoemission studies, the 

photon flux and energy dependence of the atomic subshell photoionization cross sections [65] 

were taken into account. The XPS Co 2p and Mn 2p peak intensities were simulated using SESSA 

vs.2.1.1 software [66] for model consisting of MnO2 particles supported on planar CoO substrate. 

Three MnO2 particle morphologies (cubes, hemispheres and regular pyramids with square base) 

and five particle sizes (from 1.5 nm to 0.5 µm height) were modelled. The density of the particles 

on the support was left to vary up to the point where the simulated Co 2p and Mn 2p peak area 

ratio converged with the experimental one. 

3 Results 

3.1 Textural and morphological properties of CoOx/MnOx 

The X-ray diffraction patterns of fresh (after calcination), reduced and spent catalysts are 

presented in figure S3. The pattern of fresh CoOx corresponds to the single CoO phase (JCPDS 03-

065-2902), but after reduction two types of metallic cobalt phases were found. The stronger 

diffraction peaks come from the face-centred cubic phase (fcc; JCPDS 15-0806) and the weaker 

from the hexagonal phase (hcp; JCPDS 05-0727) [67]. As far as the calcined Co8MnOx is 

concerned, all the observed peaks are attributed to Co3O4 (JCPDS 03-065-3103), without any 

trace of Mn-containing phases. The absence of Mn-related peaks might be due to low crystallinity 

and high dispersion of Mn. However, after reduction, small amounts of MnO are seen in the 

diffraction patterns, in addition to metallic cobalt. On the fresh CoMn8Ox sample, Co3O4-like 

phases are not observed and the most intense peaks are characteristic of a hausmannite phase 

(Mn3O4, JCPDS 01-089-4837) while small peaks indicate the presence of ramsdellite (MnO2, 

JCPDS 01-073-1539). After reduction, only characteristic peaks of the MnO phase (JCPDS 07-

0230) are detected implying reduction of MnO2 and Mn3O4. The diffraction patterns of the spent 

catalysts remain almost identical with those after reduction, although a small increase in the 

crystalline size, probably due to sintering can be noticed. This indicates that the bulk structure of 

the catalysts does not change considerably during COPrOx reaction as compared to the H2 

pretreatment state. 

The specific surface areas measured after the reduction pretreatment is shown in Table 1. The 

CoOx catalyst has the lowest surface area of 1.4 m2g-1 (measured by Kr-BET), while in case of 

Co8MnOx and CoMn8Ox the surface area is 6.5 and 8.5 m2 g-1, respectively. The crystallite size 

estimated from the XRD patterns based on Scherrer’s equation is included in the same table. The 

smaller crystallite size of Co0 in Co8MnOx samples (please note that the same CoOx particles were 

also used for Co8MnOx synthesis) suggests that the growth of metallic cobalt nanoparticles is 

prevented by the addition of Mn. The higher specific surface area of Co8MnOx (as compared with 
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CoOx) is attributed to the presence of manganese oxide, since in general oxide phases have higher 

BET surface area than metals. ICP-OES was carried out to determine the Mn/Co content for each 

Co8MnOx and CoMn8Ox catalysts. The elemental analysis shown in Table 1 confirms that the bulk 

composition approximate very much the nominal one.   

 

Table 1. Textural parameters of the catalysts.  

Catalyst 

Mn/Co a 

Atomic 
ratio 

SBET (m² g-1) Crystallite sizeb (nm) 

Calcined Reduced Reduced Spent 

CoOx 0 1.4c 25.7 (Co0 fcc), 24.4(Co0 hcp) 
34.7(Co0 fcc), 

34.4(Co0 hcp) 

Co8MnOx 0.10 6.5d 14.4 (Co0 fcc), 24.3(Co0 hcp ), 
23.2 (MnO) 

19.1 (Co0 fcc), 
24.5(Co0 hcp ) 

CoMn8Ox 8.31 8.5d 23.0 (MnO) 23.8 (MnO) 

a. The Mn/Co atomic ratio was determined by ICP-OES analysis b. The crystallite size of each major phase was 
estimated from the Scherrer’s equation applied to the (100) plane of Co0 hcp at 41.8°, the (200) plane of Co0 fcc at 
51.6° and the (200) plane of MnO at 40.9°c measured by Kr-BET d measured by N2-BET. 

 
H2-TPR measurements were conducted with the aim to compare the bulk reducibility. As 

shown in figure S4 for the calcined pure CoOx sample two main peaks are observed: one 

relatively sharp at 275 °C and a broader one centered around 365 °C. The two peaks are usually 

attributed to the progressive reduction of Co3O4 via a two-step process (Co3O4 → CoO → Co) [48]. 

The TPR profile of the Mn-rich catalyst (CoMn8Ox) is dominated by peaks related to the 

progressive reduction of manganese oxide (MnO2 → Mn3O4 → MnO) in accordance with literature 

reports [51,68]. In particular, the peaks at 270 °C and 440 °C correspond to MnO2 and Mn3O4 

reduction, respectively. Note that the reduction peaks of cobalt oxides are not clearly 

distinguished in this sample due to the relatively low amount of cobalt and the strong 

overlapping with the manganese oxides peaks. However, a broad peak is observed in the high 

temperature region (near 550 °C) which is not due to MnOx or CoOx and may be caused by 

synergetic interactions between Mn and Co species. In the TPR profile of the Co8MnOx catalyst a 

clear shift of the reduction peaks to the high-temperature region is found as compared to CoOx. 

Similar shifts has been previously attributed to Co3-xMnxO4-type solid solution formed upon 

calcination [68–71], as expected according to the phase diagram of Co-Mn-O system [72] and 

experimental studies [73–75]. To examine the possibility of Co-Mn mixed oxide formation in the 

Co8MnOx catalyst we compared the XRD patterns of CoOx and Co8MnOx samples after calcination. 

Typically, substitution of Co by Mn in Co3O4 structure, should shift the XRD peaks as compared to 

the pure Co3O4 phase, but in our case there was no evident shift between the Co3O4-related XRD 

peaks of the two catalysts suggesting that mixed Co-Mn-O phases either do not form at all in our 
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case, or are structurally disordered or nanosized and not detected by XRD.   

The morphology of CoOx, Co8MnOx and CoMn8Ox catalysts after calcination and reduction 

pretreatment was examined by SEM (figure S5). All three catalysts form big aggregates which are 

composed of fine particles clearly distinguished in most of the SEM micrographs. The particle 

size of CoOx and Co8MnOx range between 50 and 200 nm, while in the case of CoMn8Ox (figure 

S5c) the particles seem even larger. After reduction at 400 °C, the particle size of both catalysts 

significantly increased. The images recorded after reduction of Co8MnOx clearly evidence a 

sintering process, with rougher surface as compared to its previous form. The EDX analysis of 

large surface areas of the Co8MnOx catalyst after calcination gave a Mn/Co ratio of around 1/10 

(figure S6), which is close to the nominal value (0.125). Similar Mn/Co ratios were also found 

after analysis of individual spots on the surface, indicating that initially Mn is homogenously 

distributed over the cobalt surface. Interestingly, after the reduction pretreatment the EDX 

analysis of several spots revealed important differences in the Mn/Co ratios, which vary from 

0.11 to 0.70, depending on the analysis spot. In addition, the spots with high Mn/Co ratios are 

always accompanied by high oxygen content.  

Details about the microstructure of Co8MnOx catalyst were acquired by STEM combined with 

EDX analysis. STEM-EDX maps of several aggregates after H2 pretreatment and COPrOx reaction 

(spent catalyst) are presented in figure 1a and b, while those of the fresh-calcined catalyst can be 

found in figure S7. The red and green colored areas in the figure indicate Co- and Mn-enriched 

areas, respectively. Elemental mapping confirms the significant inhomogeneity of the grains after 

reduction, shown above by SEM-EDX in larger scale, which is preserved without large variations 

also in the spent catalyst. In particular, in some sample areas Mn is well dispersed over Co 

particles, while in others Mn and Co areas are clearly separated. A common feature which is 

visible in several of the STEM-EDX images in figure 1 is that Mn content is increasing at the edge 

of the aggregates, suggesting that Mn is enriched on the surface of the grains. However, several 

other areas also exist where Co signal extends up to the perimeter of the aggregate revealing 

coexistence of uncovered/exposed cobalt surface. The % Mn and Co atomic concentration 

calculated from the EDX signal is included as pie charts in figure 1. The large variation of %Mn 

from 5 to 17% between the various micrographs evokes that Mn is not equally distributed over 

cobalt, but it is segregated and forms Mn-rich areas on the surface. 
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Figure 1. STEM-EDX analysis images with elemental mapping (merged Co+Mn) collected over several 
Co8MnOx catalyst aggregates after a) reduction at 400 °C in 1 bar H2 for 30 min and b) spent catalyst after 

6h reaction in 1 bar COPrOx at temperatures up to 350 °C. Red and green color areas correspond to Co- 
and Mn-enriched areas, respectively. The % atomic concentration of Mn and Co is presented in the pie 

charts at the right-bottom side of each panel. 

3.2 Fixed-bed reactor catalytic tests  

The reactivity of the three catalysts after H2 reducing pretreatment was evaluated in a fixed-

bed flow reactor. The CO conversion to CO2 and CH4 (XCO) starts at 150 °C and increases sharply 

above this temperature for all catalysts (figure 2a), with the Co8MnOx having systematically 

higher XCO than the other two. The differences are quite remarkable at intermediate 

temperatures, with more than 98% of CO conversion over Co8MnOx at 250 °C and only 51 and 29% 

for pure CoOx and CoMn8Ox, respectively. A small decrease from 98% to 96% of XCO is observed 

for Co8MnOx above 250 °C. The O2 conversion (XO2) is the overall consumption of O2 for both CO 

and H2 oxidation (reaction 1 and 2, respectively). Please note here, that since the catalysts were 

pretreated in a reducing environment prior to the reaction, O2 may also have been consumed to 

oxidize the pre-reduced cobalt, in addition to reaction 1 and 2. As shown in figure 2b, at 200 °C 

the Co8MnOx catalyst converts more O2 than the other two but above this temperature the XO2 is 

stable at 95% for all catalysts.  

The selectivity towards CO2 (SCO2, figure 2c) is similar for Co8MnOx and CoOx up to 200 °C, but 

above this temperature Co8MnOx seems to be more selective than CoOx. The CoMn8Ox catalyst has 

significantly lower SCO2 than the other two, which means that excess Mn promotes H2 oxidation 

(reaction 2). However, since the SCO2 is determined on the basis of the CO amount consumed to 

form CO2 and CH4, comparison of the SCO2 above 250 °C is complicated due to CH4 production. In 

this case the % CH4 and CO2 yields (YCH4 and YCO2 , respectively), shown in figure 2e and 2f, can 

help to distinguish differences in the carbon product selectivity among the catalysts. Indeed, the 
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CO2 production over Co8MnOx and CoOx reaches a maximum at 200 °C, while above this 

temperature CH4 production is favored. In the case of CoMn8Ox the CO2 yield increases constantly 

with temperature since CH4 production is less favored on this catalyst. This behavior is also 

reflected in figure 2d where the selectivity of CO to CH4 (SCH4) increases significantly at 250 °C for 

all catalysts, showing that at this temperature CO hydrogenation (reaction 3) is promoted. The 

CH4 production path via CO2 hydrogenation (reaction 4) cannot be excluded completely, but it is 

less probable since CO is more easily hydrogenated than CO2 under the same reaction conditions 

[76]. Please note that the SCH4 and SCO2 selectivities do not add up to 100% because they are 

based on independent CO and O2 balances, respectively (see the denominators in eq. 3 and 4). 

CO oxidation: CO + ½ O2 → CO2        (reaction 1) 

H2 oxidation: H2 + ½ O2 → H2O       (reaction 2) 

CO hydrogenation: CO + 3 H2 → CH4 + H2O      (reaction 3) 

CO2 hydrogenation: CO2 + 4 H2 → CH4 + 2 H2O     (reaction 4) 

The stability tests shown in figure S8 confirm the results of the light-off tests, with Co8MnOx 

catalyst being the most active of all, with almost 2 times higher XCO than CoOx at 250 °C. There is 

a gradual decrease in the performance of the 3 catalysts with time as shown in Table S1. The 

Co8MnOx catalyst is more stable than the other two with around 4% XCO loss per hour on stream, 

as compared to 10 and 22 % for CoOx and CoMn8Ox, respectively. The activity is recovered at 

300 °C while the stability of all catalysts at this temperature seems to be improved. 
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Figure 2. Fixed-bed reactor COPrOx activity tests : a) CO conversion, b) O2 conversion,c) O2 selectivity d) 
CH4 selectivity, e)  CH4 yield and f)  CO2 yield vs. temperature, over pure CoOx (●), Co8MnOx (●) and 

CoMn8Ox (●) catalysts. Experimental conditions: 1% CO, 1% O2, and 50% H2 in He-balanced flow; 0.05 g of 
catalyst; 50 mL min-1 of total flow; atmospheric pressure (1 bar). Every data point was recorded after 30 

min equilibration at each temperature. 

3.3 In situ surface characterization of the Co-Mn by synchrotron NAP-XPS and NEXAFS  

The catalytic results suggest that addition of small amounts of Mn on CoO improves the 

activity and the selectivity towards CO2, but excess of Mn (i.e. in the CoMn8Ox catalyst) is 

detrimental for the COPrOx reaction. In this paragraph in situ NAP-XPS and NEXAFS are used to 

compare the Co8MnOx and CoOx surface oxidation state and composition under reaction 

conditions. The Co8MnOx catalyst was selected due to its superior performance as compared to 

CoMn8Ox. The reactants feed composition, in the synchrotron-based NAP-XPS and NEXAFS 

experiment, was identical to the fixed-bed reactor tests, while relatively high reactant flows were 

used. The differences and similarities in the surface state of the two catalysts’ observed by these 

methods are used to explain qualitatively their performance in the fixed-bed reactor. 

3.3.1 Comparison of the cobalt oxidation state between the two catalysts  

figure 3a displays the Co 2p3/2 spectra recorded on pure CoOx after H2 pretreatment and 

during the COPrOx reaction. Metallic cobalt (Co0) formed in H2, undergoes progressive oxidation 

during COPrOx reaction. The evolution of cobalt oxidation state was calculated by deconvolution 

of the Co 2p peak using reference spectra and it is presented in figure 3e. Just after 250 °C, 

metallic Co oxidize to CoO and in time undergoes further oxidation to Co3O4 stabilizing to a 

mixed Co3O4/CoO=65/35 state. The Co L3-edge NEXAFS recorded after 1 h and 2 h at 250 °C 

under COPrOx conditions are shown together with reference CoO and Co3O4 spectra (in green 

dotted line) [77] in figure 3b. During COPrOx the Co L3-edge has a maximum at 780.5 eV and a 

shoulder located at 778.5 eV, resembling the Co3O4 reference spectrum. However, the intensity 

ratio between the 780.5 eV and 778.5 eV peaks is different in the two cases. This difference, 

together with the small peak feature at 777.5 eV, marks the presence of cubic rocksalt CoO with 

Co2+ in octahedral position (Oh, see the reference in green dotted line) [48]. Consequently, both 

NAP-XPS and NEXAFS spectra of pure CoOx catalyst suggest coexistence of Co3O4 and CoO species 

in COPrOx at 250 °C. 

In case of the Co8MnOx the Co 2p3/2 peaks (figure 3c) and the cobalt oxidation state estimated 

from peak fitting, shown in figure 3f, indicate differences from CoOx. In particular, after the H2 

pretreatment the catalyst is not totally reduced, and in general the Co8MnOx catalyst contains 

relatively more CoO. For example at 250 °C, CoO is about 46% in Co8MnOx after 1 h COPrOx while 

for CoOx catalyst is only 35% at the same conditions. Similar conclusions can be also drawn from 

the NEXAFS spectra shown in figure 3d. The surface stability of Co8MnOx catalyst was examined 

at higher temperature than that of CoOx, up to 350 °C. As shown in figure 3c, after 30 min at 350 



 

16 

 

°C metallic Co reappears at the expense of Co3O4, confirming previous reports about partial 

reduction of oxidized cobalt crystallites to metallic Co at higher COPrOx reaction temperatures 

[78]. However, longer reaction times (about 1 h at 350 °C) favor progressive re-oxidation to 

Co3O4. Surprisingly, the amount of CoO is not considerably influenced by the raise in the 

temperature and remains around 50% at both temperatures. At 350 °C the Co L3-edge peak 

shape is modified as compared to 250 °C indicating a mixture of Co-CoO-Co3O4, in full accordance 

with the NAP-XPS results.  
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Figure 3. In situ NAP-XPS and NEXAFS spectra of a,c) Co 2p3/2 (h = 1020 eV) and b,d) Co L3-edge 
recorded on pure CoOx (a,b) and Co8MnOx (c,d) after H2 pretreatment and during COPrOx at various 

temperatures. Operating conditions: 0.5 mbar of 1% CO, 1% O2, 50% H2 and He, from room temperature to 
250 °C (or 350 °C in case of Co8MnOx). The bar graphs e) and f) show the percentage of each cobalt 

oxidation state calculated by deconvolution of the relevant Co 2p peaks.  

3.3.2 Analysis of the Mn oxidation state and distribution  

The manganese oxidation state is discussed next. The NAP-XPS Mn 2p3/2 and NEXAFS Mn L3-

edge spectra of Co8MnOx are shown in figures 4a and b respectively. The distribution of Mn 

oxidation state (figure 4c) was estimated by deconvolution of the Mn 2p peaks. In accordance 

with several works devoted to Mn curve fitting [79–81], the peaks of Mn2+ (MnO) and Mn3+ 

(Mn2O3) appear at very similar binding energies (BEs) (around 641 eV), but can be differentiated 

by the characteristic shake-up satellite at 647.5 eV only visible in the MnO peak. The Mn4+ state 

(MnO2) has similar peak profile with Mn3+ but is shifted by 1 eV to higher BEs. The different 
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oxides can be distinguished better by their Mn L3-edge NEXAFS spectra which show distinctly 

different features [61].  

During H2 pretreatment manganese is reduced to the lowest oxidation state observed in this 

work, which is Mn2+. This is quite evident also by the satellite feature at the Mn 2p photoelectron 

peak and the similarity of the Mn L3-edge NEXAFS spectra with MnO reference (green dotted 

line). Mn2+ was progressively oxidized to Mn3+ and M4+ during the heating step to 250 °C under 

the COPrOx feed. However, at 350 °C part of Mn4+ reduces back to Mn3+/Mn2+ states as also 

confirmed by the Mn L3-edge, matching reasonably well the Mn3O4 spinel oxide (or MnO·Mn2O3). 

This redox behavior is similar to the one observed for cobalt, i.e. oxidation up to 250 °C and 

partial reduction at higher temperature, showing that temperature and gas phase composition 

define the redox ability of the gas phase. 
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Figure 4. In situ NAP-XPS and NEXAFS spectra of a) Mn 2p3/2 (h = 880 eV) and b) Mn L3-edge recorded on 
Co8MnOx at room temperature, after H2 pretreatment and during COPrOx at various temperatures. 

Reference Mn L3-edge spectra were retrieved from reference [61]. Operating conditions: 0.5 mbar of 1% 
CO, 1% O2, 50% H2 balance He, from room temperature to 250 °C and 350 °C. c) Bar graph showing the 

percentage of each Mn oxidation state calculated by deconvolution of the Mn 2p peaks shown in (a). d) The 
evolution of Mn concentration (metal at. %) under various reaction conditions calculated from the Mn 2p 

and Co 2p NAP-XPS spectra. The estimated analysis depth to be 2.2±0.1 nm. 

The Mn/(Mn+Co) atomic ratio (hereafter at. %Mn) shown in figure 4d was calculated based on 

Mn 2p and Co 2p spectra. Four excitation photon energies, corresponding to two analysis depths 

(or information depths) were used (see Table S2). It is clear that for all examined temperatures 

the surface concentration of Mn is much higher than the 12% nominal value. A significant drop 
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of %Mn is observed at 250 °C in the COPrOx, while at 350 °C the %Mn rises back again. 

Comparison of the two analysis depths (Table S2) reveals that the %Mn is systematically higher 

at the most surface sensitive mode (around 2.2 nm), which means that Mn is mainly segregated 

over cobalt. This suggests no extensive mixed oxide phase formation, in agreement with the XRD 

results discussed above. One should note that the at. %Mn found from NAP-XPS is much higher 

than the one given from STEM-EDX (figure 1). This should be expected for Mn-surface enriched 

samples based in the differences in the analysis depth of the two methods (about 4 nm for XPS 

and 2000 nm for EDX).  

3.4 Redox stability of Co8MnOx measured by in situ–NEXAFS at 1 bar  

The NAP-XPS and NEXAFS results identified the oxidation states of cobalt and manganese that 

are involved in the COPrOx reaction providing some useful insights in the reactivity in the fixed-

bed reactor experiments. However, the relatively low operating pressure (0.5 mbar) of NAP-XPS 

raises some doubts about the extrapolation of the redox behavior of the catalyst under 

atmospheric pressure, which is essential to correlate NAP-XPS and fixed-bed reactor. To clarify 

this point we performed in situ NEXAFS experiments at 1 bar on Co8MnOx under reducing (100% 

H2) and oxidizing (10% O2/He) atmospheres [59]. Figure 5 shows the Co L3-edges (a,b) and Mn 

L3-edges (c,d) of calcined Co8MnOx upon reducing in H2 and subsequently re-oxidized in 10% 

O2/He. The relative concentration of each oxidation state, estimated by linear combination fit 

analysis (see figure S9), is included in the right part of each graph. Initially the Co L3-edge 

corresponds to the Co3O4 oxide (figure 5a) while reduction to about 50% of CoO is observed at 

250 °C. The Mn L3-edge after calcination (figure 5c) resembles the one of MnO2, but in H2 this 

phase reduces gradually to Mn3O4 (at 200 °C) and MnO (at 250 °C).  
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Figure 5. In situ Co L3-edge NEXAFS spectra of Co8MnOx catalysts recorded at a) 1 bar H2 and b) 1 bar 

10%O2 in He between 50-250°C. The corresponding Mn L3-edge is shown in c) and d), respectively. The 

evolution of the different Co and Mn oxidation states/phases estimated by linear combination fit analysis 

using reference spectral profiles of relevant Co- and Mn-oxides are included in the right part of each graph.  

Exposure of the pre-reduced Co8MnOx to 10% O2 (figures 5b and d) initiates a gradual 

oxidation of MnO to MnO2 and CoO to Co3O4. Notably, oxidation of MnO is facile since the catalyst 

is transformed to a mixture of Mn2O3/MnO2 already at 50 °C, while at 150 °C more than 70 % of 

manganese has been oxidized to MnO2. In 10% O2, both cobalt and manganese are more oxidized 

as compared to the COPrOx mixture investigated with NAP-XPS. This is expected from the more 

oxidizing gas feed of 10% O2. Nevertheless, the aforementioned NEXAFS results suggest that the 

mixed oxidation states found at the surface of Co8MnOx catalyst in the 0.5 mbar NAP-XPS 

experiment can be maintained even at atmospheric pressure.  

3.5 Operando AlKα source NAP-XPS measurements  

In this paragraph cobalt catalysts (Co, Co8MnOx and CoMn8Ox) with identical oxidation states 

are compared with or without Mn addition, in order to distinguish the Mn effect on the COPrOx 

selectivity. As described in the experimental part the reaction conditions (reactor volume, 

reactants feed and flow) are different from those of the synchrotron-based experiments having 

notable effect on cobalt oxidation state [63]. After the H2 pretreatment at 400 °C, the surface of 

pure CoOx was fully reduced to Co0 while that of the Mn-based catalysts remained as CoO. This 
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difference is consistent with the findings of H2-TPR measurements (figure S4) which showed 

that Mn addition shifts CoOx reduction to higher temperature. However, in this case CoO is more 

resistant to reduction as compared to the synchrotron-based NAP-XPS reactor (figures 3c and 

3f). 

Figure 6 displays the Co 2p3/2 peaks of the three catalysts recorded in COPrOx at three 

characteristic temperatures. For pure CoOx, the intense peak at 778.4 eV due to Co0 [82] shifts to 

780.6 eV, indicating a progressive oxidation of Co0 to CoO [83] (figure 6d). On the contrary, in the 

case of Co8MnOx and CoMn8Ox catalysts, cobalt remains as CoO at all reaction temperatures. The 

analysis of the Mn 2p3/2 peaks (figure S10), shows that Mn is progressively oxidized but remains 

always in a mixed MnO/Mn2O3/MnO2 state. A comparison between the two Co-Mn samples 

suggest that Co8MnOx promotes Mn2+ and Mn4+ while CoMn8Ox favors more Mn3+ species.  
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Figure 6. In situ NAP-XPS spectra of Co 2p3/2 on a) pure CoOx, b) Co8MnOx and c) CoMn8Ox recorded 
during COPrOx at various temperatures. The distribution of cobalt species resulting from Co 2p3/2 peak 

analysis is shown in the bar plots: (d,e and f) below of each set of spectra. Operating conditions: 1 mbar of 
1% CO, 1% O2 and 98% H2, from room temperature to 300 °C. 

The XCO and XO2, as well as the CO2 and CH4 selectivities (SCO2 and rel.SCH4 respectively) were 

calculated from the QMS signal and are shown in figure 7. In all cases the CO and O2 conversion 

(figures 7a and 7b) appear at around 100 °C and increases at higher temperature. The XCO is very 

similar for Co8MnOx and CoOx catalysts up to 250°C, while for CoMn8Ox it is significantly lower 

(figure 7a). A similar trend is also observed in the SCO2 (figure 7c), with CoMn8Ox having the 
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lowest SCO2 of the three catalysts, while those of Co8MnOx and CoOx are comparable. The relative 

selectivity of CO to CH4 (figure 7d), is practically zero for Co8MnOx and CoMn8Ox, but for CoOx 

increases rapidly above 200 °C reaching its maximum value at 300 °C. This implies a boost of 

hydrogenation reactions (reaction 3 and 4) on this catalyst and explains the high XCO of CoOx at 

300 °C (figure 7a). Clearly for this sample CO is consumed via the methanation reaction (reaction 

3) at 300 °C while the Co8MnOx catalyst becomes more selective to H2O as expected in this 

temperature region. 
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Figure 7. Conversion of (a) CO (XCO) and (b) O2 (XO2). The (c) selectivity of O2 to CO2 (SCO2) and (d) the 
relative selectivity of CO to CH4 (rel.SCH4) calculated from on line mass spectrometry data recorded on pure 
CoOx (●) Co8MnOx (●) and CoMn8Ox (●) during NAP-XPS measurements under COPrOx conditions. Prior to 

the activity tests, the samples were pretreated in the XPS chamber under 1 mbar of H2 at 400 °C for 1 h. 

3.6 Effect of Mn-Co nanoscale spatial distribution on Co oxidation state during COPrOx  

NAP-XPS data in paragraph 3.3 suggest that despite the enchantment of CoO stability by Mn, a 

significant amount of Co3O4 is formed over Co-Mn catalysts under reaction conditions. In this 

paragraph the effect of Mn on CoO stabilization of is investigated in detail, taking into account the 

significant diversity at the Co8MnOx morphology revealed by SEM-EDX and STEM-EDX. The 

discussion focuses on the Co8MnOx catalyst since it has the best catalytic performance.  

The apparent surface area analyzed by the employed synchrotron-based NAP-XPS setup is 

largely defined by the spot size of the incident X-ray beam, as the electron collecting cone of the 

analyzer is larger than 1 mm. Under the current working conditions, the X-ray spot on the 

sample is a parallelogram with dimensions of 180×10 µm2. The small area spot analysis of 

synchrotron-based NAP-XPS can be used to provide details regarding the effect of Mn on the 

oxidation state of cobalt. To do so, NAP-XPS spectra were collected in two different spots of the 
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catalyst pellet, by shifting the sample lateral position with respect to the analyzer, while keeping 

the sample under the same reaction conditions (250 °C in COPrOx). In this way we could directly 

detect the oxidation state of cobalt in areas that are rich or poor in Mn and draw conclusions 

about the possible Mn effect over the redox stability of cobalt oxides.  

The Co 2p spectra recorded at two characteristic sample positions are shown in figure 8. The 

first (spot 1) has a high Mn concentration, and the second (spot 2) has a low Mn concentration. 

For comparison the results presented in figure 3 are collected in the position of spot 1. Based on 

Co 2p peak deconvolution it becomes evident that CoO concentration is higher in areas that 

contain more Mn (spot 1), while Co3O4 prevails in areas dominated by cobalt (spot 2). In 

particular, the CoO/Co3O4 from 44/56 in Mn-rich area of the catalyst drops to 30/70 in the Co-

rich area. Please note that this ratio is close to the one observed for the parent pure CoOx. The 

CoO/Co3O4 ratio in the two spots is practically the same for the two analysis depths (not shown), 

which means that there is no depth distribution between CoO and Co3O4 and within the outer 4 

nm the two cobalt oxides are homogeneously mixed. 

 

Figure 8. The Co 2p spectra recorded at 250 °C over two different areas (spots) of Co8MnOx catalyst under 
identical COPrOx reaction conditions. Each Co 2p peak was deconvoluted into CoO (dark purple peak) and 
Co (light purple peak) components. The bar in the right part of each figure shows the at. % Mn calculated 

by the Mn 2p and Co 2p peaks recorded at each spot. A schematic representation of the expected 
morphology in each spot based on the % Mn is included at the top-left of each figure.  

The effect of Mn on Co oxidation state in areas where the two elements are in close proximity 

is addressed by high resolution STEM (HRSTEM). The inhomogeneity of Co8MnOx catalyst can be 
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used as an opportunity to examine, at the same aggregate, uncovered and Mn-overlapping Co 

areas at the nanoscale. The STEM-EDX images can serve as a guide to identify the two areas on 

an aggregate. Figure 9 presents HRSTEM images of spent Co8MnOx catalyst, collected in areas 

exclusively occupied by Co, as manifested by the STEM-EDX image shown in the left-up panel. 

Similar images of other Co8MnOx aggregates can be found in figure S11. The interplanar spacing 

(lattice fringes) of 0.24 nm measured in area 1 (marked by white lines) corresponds to Co3O4 

(311) lattice planes. The presence of Co3O4 is confirmed by the fast Fourier transform (FFT) 

diffraction pattern of a selected area (area 3), which clearly shows the characteristic diffraction 

spots due to the different Co3O4 lattice planes. 

 

Figure 9. STEM-EDX (top left) image of the spent Co8MnOx catalyst and the high resolution bright field 
STEM images derived from catalyst areas composed exclusively by cobalt. The interplanar spacing is 

indicated by two parallel lines. The squares indicate the part of the low magnification image from which 
the high-resolution images are derived. The FFT diffraction pattern at the bottom-right corresponds to 

spot 3 beside. 

Similar analysis was also carried out in aggregate areas where both Co and Mn signals were 

indicated by STEM-EDX. Figure 10 shows characteristic HRSTEM images and FFT patterns 

recorded in such an area, while additional images can be found in figures S12. The HRSTEM at 

the Co and Mn interface area evoke a border between the two oxide phases indicated in the 

image by a red-dashed line. The measurements of the lattice fringes, at the two sides of this 

border, are consistent with MnO2 and CoO, respectively. The presence of CoO in the vicinity with 

manganese oxide is evidenced also in the FFT patterns taken in the same area. Analysis of other 
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aggregates presented in figure S12, suggest that stabilization of CoO phase in areas close to Mn is 

a general feature of the Co8MnOx sample in complete accordance with NAP-XPS results of figure 8. 

 

Figure 10. STEM-EDX (top left) image of the spent Co8MnOx catalyst and the high resolution bright field 
STEM images derived from catalyst areas where Co and Mn overlap. The interplanar spacing is indicated by 

two parallel lines. The squares indicate the part of the low magnification image from which the high-
resolution images are derived. The Mn and O atoms of MnO or MnO2 are displayed in blue and red 
respectively and are superpositioned on the image. The FFT diffraction pattern at the bottom-right 

corresponds to image beside. 

The correlation between Mn excess and higher CoO concentration implies that Mn helps to 

stabilize the CoO phase under conditions for which pure cobalt tends to oxidize to Co3O4 (e.g. 

figure 3a and 3b). Based on our previous results [48] CoO is more active than Co3O4 for COPrOx. 

Therefore, partial stabilization of CoO in the Co8MnOx catalyst is expected to enhance the activity 

of this catalyst as compared to pure cobalt. In addition, Mn also helps to stabilize the morphology 

of the oxide, as BET analysis shows identical surface areas before and after PrOx (not shown). 

However, STEM-EDX and SEM-EDX images manifest that there are areas on the Co8MnOx surface 

where cobalt is not in contact with Mn. These areas are expected to preserve the redox 

properties of the parent material (i.e. CoOx), therefore being prone to oxidation to Co3O4 and to 

reduction towards Co0 depending of the COPrOx reaction temperature. 

We now discuss the possible CoO stabilization mechanism in areas close to manganese. 

HRSTEM images clearly show that the lattice fringes close to the Co-Mn interface correspond 

well to those of the individual metal oxides. There is no evidence about mixed phase formation at 
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their interface, for example a mixed Co-Mn oxide. On a macroscopic scale, formation of mixed Co-

Mn oxide may be detected in XRD or by the shift of the Co 2p satellite peak [84]. As discussed in 

paragraph 3.1 there are no diffraction lines in XRD indicating mixed phases. Comparison of the 

Co 2p3/2 spectra between Co8MnOx and CoOx samples in cases where Co2+ is the dominant 

oxidation state (see figure S13) do not reveal any evident difference in the shake-up satellite 

peak position (around 786.8 eV). Besides, the Co L-edge NEXAFS spectra of the two samples are 

also similar (see figures 3b and 3d). Therefore, the similarities of both XPS and NEXAFS spectra 

between the two catalysts, together with the HRSTEM and XRD analysis results discussed above, 

suggest that Mn and Co do not form a mixed Co-Mn oxide phase but rather keep separated as 

individual oxides in close proximity (similar to a composite). Therefore stabilization of CoO 

should be attributed to geometric effects and to phenomena taking place at the Co-Mn interface, 

as for example facile exchange of O2- ions, which cannot be detected here. An analogous 

synergetic interaction at the interface between CuO and MnOx over CuO/cryptomelane catalysts, 

has been reported to promote the lattice oxygen mobility and to increase the CO-PrOx catalytic 

activity [17]. 

4 Discussion 

The catalytic tests at 1 bar showed that the addition of Mn on Co (Co8MnOx) promotes the 

COPrOx activity. On the downside, above 250 °C, the CH4 selectivity increases. At this point we 

will try to elucidate the role of the manganese promotion on cobalt reactivity by synthesizing the 

results presented above. Before doing so, we highlight the two different paths in which Mn may 

influence the reactivity. The first is related to the increase of the catalytic surface area and the 

partial stabilization of the CoO phase, known to have positive effect on the catalytic activity and 

O2 selectivity to CO2 [48]. We consider this path as an indirect effect of Mn on the reactivity in a 

sense that Mn stabilizes CoO, but the reaction mainly involves cobalt sites. The second path 

considers that Mn influences the reactivity by directly participating in the reaction, 

independently of its effect on the cobalt oxidation state. To distinguish the two pathways we will 

call this the direct effect of Mn on the reactivity. For conciseness, the discussion focuses mainly on 

the comparison between CoOx and Co8MnOx since these catalysts are based on the same CoO 

nanopowder. 

4.1 The effect of manganese on the COPrOx activity 

BET surface area measurements after reduction indicate that addition of Mn on cobalt 

enhances the exposed surface giving almost 4.5 times higher specific surface area for Co8MnOx 

than that of pure CoOx. In general, higher surface areas should lead to better reactivity, provided 

that the increase of the exposed surface atoms is proportional to the increase in the number of 

active catalytic sites. The surface analysis results presented above makes it clear that the cobalt 
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atoms reside in a variety of states and environments (e.g. oxidation states, contact or not with 

Mn atoms etc.). There are also previous evidences [48] that each cobalt state exhibits different 

catalytic activity in the given reaction, which renders the quantification of the surface active sites 

problematic on our powder catalysts. Nevertheless, the best possible approximation to compare 

the reactivity of pure and Mn-promoted Co catalysts remains to normalize the conversion to the 

total number of the exposed Co atoms (i.e. surface area). However, although for pure CoΟx the 

BET surface area gives a measure of the number of exposed Co atoms, in case of Co8MnOx this in 

not true since both Mn and Co sites are counted. Besides, as shown by STEM-EDX and NAP-XPS, 

the majority of Mn is segregated over Co reducing the accessibility of the latter to the reactants.  

Unfortunately, it is not possible to measure directly the uncovered surface area of cobalt on 

Co8MnOx catalyst, but quantitative simulation of the XPS peak intensities can help to get an 

approximate estimation of this number. In order to minimise the effect of the inhomogeneity in 

the surface distribution of Mn over Co (see figure 8) the Co8MnOx was measured after reducing, 

oxidizing and UHV annealing treatments using a dual anode X-ray source with analysis area of 

12×12 mm2. The 3 measurements gave an average RMn=
𝑀𝑛 2𝑝

𝑀𝑛 2𝑝+𝐶𝑜 2𝑝
 ratio of 0.19±0.1. The 

quantitative simulations of Mn 2p and Co 2p peaks using SESSA vs 2.1.1 software (see supporting 

information 13) concluded that for Co8MnOx the experimental RMn corresponds to about 24% of 

exposed/uncovered cobalt area as compared to the overall surface of the catalyst. Although this 

number seems low, if compared to the bulk composition of Co8MnOx (~89%), it is justified by the 

preference of Mn to segregate over Co suggested by the characterization. Consequently, and 

according to the BET measurements shown in table 1, the specific surface area of exposed cobalt 

atoms over Co8MnOx catalysts is around 1.6 m2g-1 (the rest 4.9 m2g-1 of the surface is supposedly 

covered by Mn). Although as mentioned above this is a rough estimation, it suggests that the 

differences in the XCO of the two catalysts (figure 2a) might not be explained just on the grounds 

of their surface area differences. 

Thus, the stability of CoO phase on Mn-promoted cobalt catalyst shown in figure 3, may be an 

additional reason of the high Co8MnOx activity. This can be exploited further by comparing the 

qualitative differences between Co8MnOx and CoOx in the catalytic tests of figure 2 (1 bar) and 

figure  7 (1 mbar or 1x10-3 bar). In particular, at 1 mbar (low flow experiment) the XCO is similar 

for the two catalysts (figure 7a), but it is very different at 1 bar (high flow experiment, figure 2a). 

The similarity of XCO at 1 mbar experiment suggests that in this case the difference in their 

surface area do not have a pronounced effect on the reactivity,. AlKα source NAP-XPS shows that 

at 1 mbar CoO dominates both CoOx and Co8MnOx catalysts and as expected [48], similar cobalt 

surface states give comparable XCO in figure 7. In contrast, at 1 bar, Co3O4 formation is favored 

over CoOx catalyst as anticipated by synchrotron NAP-XPS (figure 3). Co3O4 has a negative effect 

on the XCO [48], rationalizing the lower activity of CoOx catalyst in figure 2a as compared to 
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CoMn8Ox (schematically shown in figure 11).  

The above arguments point to the fact that Mn-promotion effect on XCO is related to surface 

area increase and stabilization of the CoO state. Both effects can be considered as indirect effects, 

and no indication was found pointing that manganese promotes CO oxidation during COPrOx. 

Therefore, the previously reported high MnOx activity for CO oxidation [50] seems not to be 

preserved in H2 presence.  

4.2 The effect of manganese on the COPrOx selectivity  

We turn now our attention on the effect of Mn on the COPrOx product selectivity. We recall 

here that the desired product of COPrOx reaction is CO2, but there are two other common by-

products of the reaction, namely H2O and CH4, which should be avoided since their formation 

consumes valuable H2. Therefore, a selective COPrOx catalyst should boost the production of CO2 

(reaction 1) and minimize these of H2O (reaction 2) and CH4 (reactions 3 and 4). In principle, SCO2 

differentiates reaction 1 from 2, while SCH4 reaction 1 from 3 and 4. However, at conditions where 

CO is hydrogenated to produce CH4, the SCO2 will increase independently of the reactions 1 and 2. 

Therefore to avoid ambiguities, the SCO2 between different samples will be compared up to 200 °C, 

hence before CH4 production.  

We start with the discussion of SCO2, while continuing to use arguments based on catalytic tests 

in figures 2 (1 bar) and 7 (1x10-3 bar). In both experiments the SCO2 of CoOx and Co8MnOx are very 

similar up to 200 °C. This observation suggests that the addition of small Mn quantities on cobalt 

does not have direct effects on the SCO2. However, in Mn excess (i.e. CoMn8Ox catalyst), both 1 

mbar and 1 bar catalytic tests implies that the undesired H2 oxidation reaction (reaction 2) is 

promoted leading to the formation of water. This is supported by the operando NAP-XPS 

measurements, which show distinct differences in the SCO2 between Co8MnOx and CoMn8Ox, while 

in both catalysts the surface is dominated by CoO (figure 6). Therefore, it appears that in COPrOx, 

manganese oxides favour H2 oxidation over CO oxidation (see figure 11). 

Another difference between the results of figures 2 and 7 is noticed in the selectivity of CO to 

CH4 (SCH4). In particular, at 1 bar the Co8MnOx has higher SCH4 than CoOx while at 1 mbar the 

reaction trend among the two catalysts is reversed. CH4 is produced by the 

methanation/hydrogenation of CO and/or CO2 according to reactions 3 and 4. Methanation 

reactions are known to increase with temperature and with the presence of reduced cobalt (Co 

or CoO) [13]. This can explain why in 1 bar test, SCH4 of Co8MnOx is higher since according to 

figures 3 and 5 this catalyst is expected to have higher proportion of reduced cobalt. However, at 

the low flow experiment (1 mbar), where both catalysts are dominated by CoO, only pure CoOx 

catalyst shows the expected high SCH4, while for Co8MnOx the SCH4 is about 20 times lower. This 

result indicates that Mn helps to suppress CO methanation reactions (figure 11) at high 

temperature and most probably moderates the SCH4 at 1 bar, which without its addition could be 
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even higher. This argument is in line with the absence of CH4 production in case of CoMn8Ox 

catalyst (figure 7d). Note that reduced cobalt is beneficial for PrOx at moderate reaction 

temperatures, but might lead to worse SCH4 at higher temperature where CH4 formation is 

thermodynamically favored. Although the mechanism via which Mn influences the CH4 selectivity 

cannot be directly deduced from our studies, evidently is not related to the stabilization of CoO 

state and therefore is considered as a direct effect of Mn on the cobalt reactivity. 

 

Figure 11. Schematic representation of the arrangement between cobalt and manganese oxides on the 
surface of Co8MnOx catalysts and the proposed COPrOx reactivity paths promoted at each location of the 

catalyst. 

Overall, we have shown that Mn-promotion increases the structural stability of cobalt and, in 

this way, enhances the COPrOx activity. However, the interaction of Co and Mn is rather weak and 

their segregation is facilitated either during pre-treatment or under reaction conditions, leaving 

large areas of the catalyst where Mn and Co are not in contact. In these areas Co3O4 is readily 

formed under reaction conditions with negative effects on the CO conversion and SCO2 selectivity. 

Most probably, more complex synthesis methods, than the impregnation or co-precipitation used 

in this work, could be elaborated to enhance the distribution of Mn on Co and stabilize the CoO 

phase, targeting to a more active and selective Co-Mn catalyst. However, the significant evolution 

of the Mn surface concentration under reaction conditions (figure 4d), suggests that in long term 

stability might be an issue for Co-Mn catalysts. In addition to that, a commercially viable cobalt-

based COPrOx catalyst should employ relatively simple synthesis methods, like those used in this 

work, which can scale-up easily. Therefore, the effort to enhance the stability of CoO in cobalt-

based COPrOx catalysts should be pursued, possibly by testing other promoters with higher 

synergy with cobalt. As we have recently shown vanadium might be a very promising choice in 

this direction [85]. 
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5 Conclusions  

In this work Mn-Co catalysts were synthesized and their performance in the COPrOx reaction 

was evaluated. The addition of Mn on Co (Co8MnOx) enhances the structural stability of the 

catalyst and led to a significant increase in the catalyst performance. We show how the local 

structure of the catalytic particles may influence the redox stability of cobalt affecting the 

COPrOx performance. Operando spectroscopy and atomic-resolution microscopy indicate that 

the CoO phase is partially stabilized in the presence of Mn, which is expected to contribute to the 

higher catalytic activity. Depending on the operating conditions (time, temperature, gas mixture, 

etc.), MnO can be progressively oxidized into MnO2 and reduced back to MnO. Excess of MnOx on 

the catalyst’s surface was correlated with high O2 consumption through the unwanted H2 

oxidation. Although Mn addition helps to stabilize the CoO phase promoting the catalytic activity, 

the synergy of the two oxide phases is limited by phase segregation. The dynamic transformation 

of the surface oxidation state and composition during COPrOx reaction was directly evident in 

the spectroscopic studies under working conditions. Thus, to the authors’ opinion further efforts 

are needed in order to fabricate promoted cobalt-based catalysts able to stabilize the CoO phase 

on their surface for sufficiently long reaction periods. 
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