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1 Introduction. 

Reducing the global temperature raise to mitigate the associated 

climate change has already become an emergency issue for our 

society. The continuous raise of global energy demand, which is 

largely fulfilled with the combustion of fossil fuels, results in the 

unceasing increase of the amount of greenhouse effect gases that are 

emitted to the atmosphere. While we transition towards a zero-

emission economy based on clean and renewable energy sources it 

is crucial to mitigate this amount of emitted gas [1]. 

Considering that carbon dioxide is the main greenhouse gas, the 

reutilization of this molecule to be converted in other added-value 

products is one of the actions to be taken during this transition. In 

this regard, there are a few chemical processes where carbon dioxide 

is valorized to synthesize urea, salicylic acid, or polycarbonates. 

Another interesting route to recycle carbon dioxide is the production 

of sustainable fuels through its reduction to carbon monoxide, which 

can be further employed as chemical building block in the Fischer-

Tropsch and/or methanol synthesis to produce hydrocarbons or 

oxygenates [2]. In this sense, reverse water-gas shift (RWGS) is still 

one of the most important industrial reactions for this purpose. 

Through the RWGS reaction, CO2 is reduced to carbon monoxide 

by hydrogen gas. RWGS is an endothermic reaction, which is 

favored at high temperature (~ 700–800 °C). A number of catalytic 

systems have been investigated for this reaction [3], including 

perovskite type oxides as catalytic precursors [4], copper 

nanoparticles [5], and others [6]. Among them, catalysts based on 

metal nanoparticles supported on reducible oxides have shown very 

promising activity [7], with a strong influence of the preparation 

procedure on the obtained activity and selectivity, as consequence 

of the interplay between compositional, structural, and 

morphological features of the system. Therefore, the development 

of routes for the obtaining of supported metal nanoparticles with 

high metal–support interface and accessible surface is greatly 

desirable.  

Metal-organic frameworks (MOFs) are a class of reticular materials, 

formed by the joining of metal clusters through organic linkers, to 

produce robust, extended networks with desired topological and 

geometrical features [8]. Due to their porous nature, MOFs have 

been extensively studied for applications related to carbon dioxide 

capture [9, 10], and they are currently being investigated for a 

number of processes related to carbon dioxide transformations, such 

as electro- or photoreduction [11], as well as chemical fixation to 

other molecules [12]. 

In addition to direct use of MOFs as catalyst, their transformation 

into other solids [13] has been shown to be a suitable way to produce 

new catalytically active materials for a range of different reactions 

[14, 15]. This is particularly useful in the cases where the required 

reaction conditions are not compatible with the direct use of MOF 

samples, such as high temperature. The main advantage of using 

MOFs to create other solids relies on the possibility of translating 

some of the MOF features to the products resulting from the 

transformation reaction. For example, carbonaceous materials with 

desired metal nanoparticles have been obtained by MOFs pyrolysis 

through different routes [16]. The high crystallinity of MOFs, along 

with the unpaired degree of control on the disposition of their 

components, provides a unique platform to assembly desired metal 

elements in specific chemical environments, which can be 

maintained during the subsequent transformation. Through this way, 

it is possible to modify and control the structural and compositional 

features of the products resulting from the MOF transformation, in 

a way that is not possible with conventional synthetic routes.   

Recently, we demonstrated that various metal elements can be 

combined and form different arrangements and elemental sequences 

in the secondary building unit (SBU) of a metal-organic framework 

[17]. The choice of the initial metal combinations and molar ratios 

determines the resulting type of distribution and elemental sequence. 

Moreover, this resultant distribution of metal elements in the SBUs 

has a direct impact on the structure and composition of the solid that 

is obtained upon calcination of the MOF. In particular, we found that 

oxides with spinel type structure can be obtained from calcination of 

MOFs with a range of compositions including combinations of three 

or four different elements, namely zinc, cobalt, manganese, and 

calcium. Most importantly, the metal-ratio of the resulting spinel 

oxides are directly translated from the MOF precursor, and could be 

adjusted to enhance the electrocatalytic activity of these solids in the 

reduction of oxygen [18]. Following, in the present study we show 

that spinel oxides obtained from the MOF calcination route can be 

used as precursor catalyst for the reverse water-gas shift reaction. 

Under the RWGS reaction conditions, with reducing atmosphere 

and high temperature, the spinel oxides are in-situ transformed to the 

catalytically active species, consisting of manganese-calcium oxide 

supported cobalt nanoparticles (Scheme 1). The spinel composition 

and structure, which are pre-programmed from the metal 

arrangements in the SBUs of the parent MOF, determine the activity 



and selectivity of the obtained catalytic system through differences 

in their reduction process. The structure of the obtained spinel 

oxides has been investigated with neutron powder diffraction 

measurements, and the resulting catalysts have been characterized 

with combination of electron microscopy and spectroscopic 

analyses, as well as temperature programmed reduction, and in situ 

X-ray photoelectron spectroscopy (XPS). The results of this study 

illustrate the advantage of using reticular chemistry to program 

desired compositions in oxides, which ultimately determine their 

activity under required catalytic reaction conditions. 

 

Scheme 1 Multimetal MOFs are formed by the combination of selected cations 

(Zn2+, Co2+, Mn2+ and Ca2+) with an organic linker (H2hfipbb). After thermal 

treatment of this multimetal MOFs, multication spinel oxides maintaining 

compositions are obtained. Under RWGS reaction conditions, the spinel oxides 

are in-situ transformed to catalytic active species, consisting of oxide supported 

nanoparticles. 

2 Experimental 

2.1 MOF synthesis 

MOFs with selected metal combinations were prepared according to 

reported procedures [18]. The general MOF preparation consists of 

mixing the organic linker 4,4,’-

(hexaflouroisopropylidene)bis(benzoic acid) (C17H10O4F6, 

H2hfipbb) and the corresponding metal salts in a water/ethanol/nitric 

acid solution, followed by heating at 170 °C overnight. An example 

of the synthetic method is given for the MOF with formula 

Zn0.17Mn0.47Co0.33Ca0.03(hfipbb): H2hfipbb (78 mg 0.2 mmol), 

Zn(NO3)2·6H2O (10 mg, 0.033 mmol), MnCl2·6H2O (26 mg, 0.132 

mmol), Co(NO3)2·6H2O (38 mg, 0.132 mmol) and Ca(NO3)2·6H2O 

(8 mg, 0.033 mmol) were dissolved in 10 mL of a 1:1 water:ethanol 

mixture, and 300 µL of a 1 M HNO3 aqueous solution were 

subsequently added. The mixture was stirred at room temperature 

for 5 min, placed in a Teflon-lined steel autoclave and heated at 

170 °C overnight. After cooling to room temperature in air, blue 

needle-shaped crystals were filtered off, washed with 20 mL of 

water and acetone and dried under dynamic vacuum. All the other 

MOFs were similarly prepared employing the required amounts of 

the metal salts. 

 

2.2 Spinel preparation 

Spinel oxides were obtained according to the procedure reported in 

Ref. [18]. In short, the selected MOF was placed in a zirconia 

crucible, and heated in a furnace from room temperature to 800 °C 

with a heating rate of 5 °C·min−1. The samples were kept at 800 °C 

for 24 h, and then cooled down to room temperature. 

 

2.3 Catalytic experiments 

The catalytic behavior of the catalysts for the RWGS reaction was 

studied under atmospheric pressure, at 700 °C using a quartz fixed 

bed reactor (external diameter = 6 mm, internal diameter = 4 mm). 

The temperature was increased under the reaction feed (30 

cm3·min−1 of H2, 15 cm3·min−1 of CO2 and 5 cm3·min−1 of N2) up to 

the reaction temperature (700 °C) with a ramp of 15 °C·min−1. The 

space velocity was 300,000 mL·h−1·g−1. The reaction stream was 

analyzed on line by gas chromatography (HP 6890), with a 

chromatograph equipped with a column Carboxen 1010 PLOT 

(SUPELCO®) and a thermal conductivity detector. This system was 

used to analyze H2, O2, N2, CO, CO2 and CH4. Nitrogen was selected 

as an inert standard for quantification. 

 

2.4 Temperature programmed reduction (TPR) study 

TPR studies have been conducted on a TPD/R/O 1100 instrument 

(CE Instruments). TPR studies were carried out by passing 5 vol.% 

H2 (Ar) at a flow of 100 mL·min−1 over the catalyst sample. The 

temperature was increased to 900 °C with a heating ramp of 10 

K·min−1. 

 

2.5 Transmission electron microscopy (TEM)-energy 

dispersive X-ray spectroscopy (EDS) 

Selected area electron diffraction (SAED) and TEM images were 

achieved with an JEOL JEM 2100 transmission electron microscope 

operated at an accelerating voltage of 200 kV, equipped with an 

ESED and an INCAx-sight detectors of Oxford Instruments. Images 

were processed using Gatan Digital micrograph [19] and Image J 

[20] softwares. 

 

2.6 Powder X-ray diffraction (PXRD) 

PXRD patterns were measured using a Bruker D8 diffractometer 

with a copper source operated at 1,600 W, covering a 2θ range of 

2.5° to 80° with step size = 0.02° and exposure time = 0.5 s per step. 

PXRD measurements were used to check the purity of the obtained 

microcrystalline products by comparison of the experimental results 

with the reported calculated patterns [21, 22].  

 

2.7 Neutron powder diffraction (NPD) 

NPD experiments were performed on the high resolution instrument 

D2B at the Institut Laue-Langevin in Grenoble (France). The 

samples were contained in a 6-mm cylindrical vanadium holder. The 

data sets were collected with calibrated neutrons of wavelength 

1.594743 Å, covering a 2θ range of 0.2° to 150°, every 0.05° at room 

temperature. The data reduction (including the application of some 

basic operations as those related with the addition of several patterns 

or detector efficiency corrections) was carried out with the LAMP 

software [23]. Rietveld refinements were performed using the 

Reflex module of Materials Studio 8.0 [24].

Table 1 Detailed formulae and catalyst number of studied materials 

Catalyst MOF codea MOF formulab Spinel formulac NPD refinement site 

assignment (A)(B)2O4
d 

#1 ZnMnCoCa 1441 Zn0.17Mn0.47Co0.33Ca0.03(hfipb

b) 

Zn0.51Mn1.41Co0.99Ca0.09O4 (Zn0.54Co0.46)(Mn1.4Co0.51Ca0.0

9)O4 

#2 MnCoCa 122 Mn0.23Co0.50Ca0.27(hfipbb) Mn0.69Co1.50Ca0.81O4 (Co1)(Mn0.7Co0.5Ca0.8)O4 

#3 ZnMnCoCa 1111 Zn0.41Mn0.41Co0.10Ca0.08(hfipb Zn1.23Mn1.23Co0.30Ca0.24O4 (Zn1)(Zn0.26Mn1.24Co0.34Ca0.18)

O4 



b) 

#4 ZnMnCo 118 Zn0.22Mn0.32Co0.46(hfipbb) Zn0.66Mn0.96Co1.38O4 (Zn0.68Co0.32)(Mn0.9Co1.1)O4 

aCode indicates the initial metal molar ratio selected for MOF preparation. b,cDetermined with ICP analysis. dOccupancies and positions determined 

with NPD Rietveld refinement. 

 

2.8 X-ray powder thermodiffraction (XRPTD) 

Powder X-ray diffractograms were collected in situ with variable 

temperature to determine the phase change with the temperature and 

under reducing atmosphere. The thermodiffractograms were 

collected using a Bruker diffractometer using Cu Kα radiation (λ = 

1.54178 Å) at a scanning rate of 0.03 °/s in the 2θ range 25° to 70° . 

The experiment was performed with a heating ramp of 5 °C/min 

from 30 to 700 °C  in a mixture of 2:1 of H2/CO2, and the 

diffractograms were recorded every 25 °C. 

 

2.9 Near-ambient pressure X-ray photoelectron spectroscopy 

(NAP-XPS) 

Spectra were recorded on a lab-based spectrometer (SPECS GmbH, 

Berlin) using a monochromated AlKα1 source (hν = 1486.6 eV) 

operating at 50 W. The X-rays are microfocused to give a spot size 

on the thin films of 300 µm in diameter. The analyser is a SPECS 

PHOIBOS 150 NAP, a 180° hemispherical energy analyser with 150 

mm mean radius. The entrance to the analyser is a nozzle with a 300 

µm diameter orifice. The total energy resolution of the 

measurements was about 0.50 eV. The BE was calibrated against the 

Au Fermi level. Samples were exposed to a 2 mbar total pressure of 

a 2:1 H2:CO2 reactive mixture and the temperature was increased 

from room temperature to 600 °C . 

3 Results and discussion 

3.1 Neutron powder diffraction study of MOF derived 

multi-metal spinel oxides. 

In our recent work, we showed that multi-metal spinel type oxides 

can be obtained from MOF calcination, and that the composition of 

the oxides is translated from the MOF. Indeed, the initial 

arrangement of metal elements in the MOF SBU is a key factor 

directing the obtaining of pure-phase spinel oxides or a mixture of 

different products. Thus, we found that bimetallic MOF precursors 

resulted in a mixture of different oxides, while in the case of MOFs 

composed of three and four metal elements, it was possible to obtain 

spinel oxides with a wide range of different compositions. We have 

now completed a neutron powder diffraction study on the obtained 

spinel oxides with selected compositions, as detailed in Table 1, to 

further confirm the presence and location of the different cations in 

the spinel structure. Results of the Rietveld refinements (Fig. 1) 

confirm phase purity, and that in all cases the spinel oxides exhibit 

a cubic structure, with space group Fd3̅m. According to the generic 

AB2O4 spinel formula, A is a divalent cation in tetrahedral 

coordination, and B is a trivalent cation in octahedral environment. 

Other cationic organization in spinel structures comprise presence 

of trivalent cations in tetrahedral sites and divalent cations in 

octahedral environment, such as (A1−xBx)[AxB1−xB1]O4, or 

(B1−xAx)[A1−xB1+x]O4, resulting in different inversion degrees (λ). 

Assignment of the metal sites was thus conducted with Rietveld 

refinement of the neutron diffraction patterns. Accordingly, in all 

cases we found that zinc atoms are occupying the tetrahedral sites in 

the spinel structure. They are only found with octahedral 

environment in the spinel sample #3, with a larger amount of this 

element in the formula. Conversely, when the amount of zinc is 

smaller, the occupation of the tetrahedral sites is completed with 

cobalt atoms. For sample #2, which is the only one prepared with 

absence of zinc, all tetrahedral sites are occupied by cobalt atoms, 

and according to the NPD refinements, manganese atoms are 

exclusively located in the octahedral B sites. When calcium atoms 

are present in the spinel, they must be in octahedral sites (inducing 

an inversion of the structure with divalent cations in the B positions). 

Thus, in samples #1 and #2, trivalent cobalt atoms are in the 

tetrahedral A positions compensating charge. However, in the zinc 

rich sample #3, divalent calcium and zinc atoms are occupying B 

sites. Since all tetrahedral A sites are filled with divalent zinc atoms, 

charge must be balanced with presence of octahedral manganese(IV) 

cations. 

 

Figure 1 Rietveld refinement of neutron powder diffraction patterns 

for spinel oxides #1 to #4 (a)–(d). 

3.2 Reduction studies 

Considering that RWGS process is mainly favored by supported 

metallic nanoparticles and that this reaction is conducted under 

reductive atmosphere, we conducted a TPR study for the MOF-

derived spinel oxides to get further insight about the effect of H2 in 

the reduction process and its relationship with catalytic phases 

evolution during activation and reaction. Figure 2 shows the TPR 

curves obtained for all the materials. Samples #1, #2 and #4 show a 

first reduction stage with a maximum around 375 °C, which is at 

450 °C for sample #3. According to literature, this is attributed to 

the reduction of Co(III) to Co(II) cations which is consistent with 

mixed metal spinel oxides, where this reduction is exhibited at 

higher temperature than in single metal spinel oxides, where an 

intermediate solid-solution oxide is formed [25]. Mn(III) to Mn(II) 

reduction cannot be ruled out to be contributing to this signal and in 

situ experiments are necessary to shed light to the contribution of 

this peak. The second reduction stage starts between 450 and 600 °C 



with a maximum around 640 °C for #1, #2 and #4. These features 

are mainly attributed to the cobalt reduction from Co(II) to metallic 

cobalt and the reduction of remaining Mn(III) to Mn(II) that might 

form mixed oxides with Ca(II), that is more difficult to be reduced. 

In the case of sample #3 these reductions steps start at 600 °C with 

a maximum at 700 °C, indicating that the increase in Zn 

concentration leads to an increase in the reduction temperature. 

 

Figure 2 Temperature programmed reduction profiles of multimetal 

spinel oxides. 

3.3 Reverse water gas shift catalytic experiments using multi-

metal spinel oxides with MOF-programed compositions 

Through the incorporation of multiple metal atoms in MOF SBUs, 

and their subsequent thermal transformation, we have now a batch 

of spinel oxide samples with adjustable amount of cobalt in their 

composition. Moreover, cobalt atoms might be at different 

crystallographic sites in the spinel structures, depending on the 

initial metal ratios. These differences are expected to impact the 

formation process of the active species under the RWGS selected 

reaction conditions, and thus result in different catalytic activity and 

selectivity. Figure 3(a) depicts the CO2 conversion versus time on 

stream for catalyst derived from spinel oxides, in turn obtained from 

MOF samples, for the RWGS reaction at 700 °C, during 6 h. From 

the graphs it can be seen different trends and evolution of CO2 

conversion and CO selectivity among the different catalysts. A short 

induction period of around 2 h is observed in the case of the catalyst 

1, obtained from MOF ZnMnCoCa 1441. After this time, the 

maximum conversion reached is 49%, with 100% of selectivity to 

CO (49.2% yield to CO). Similarly, catalyst #3 (ZnMnCoCa 1111) 

also shows an increase of conversion values with time, now reaching 

a conversion of 40% with a CO selectivity of 100% (39.7% yield to 

CO). On the other hand, catalyst 2, and 4, obtained from MOF 

samples MnCoCa122 and ZnMnCo118, respectively, do not show 

any induction period. Remarkably, a very high activity is already 

obtained after only 30 min of reaction time, reaching more than 55% 

conversion in both cases, and with nearly 100% selectivity to CO 

(54.6% and 53.9% yield to CO, for #2 and #4, respectively). It is 

worth noting that these values are near the ~ 60% thermodynamic 

equilibrium limit for the selected working conditions of H2/CO2 ratio 

and reaction temperature [3], ranking these catalysts among the most 

efficient ones for this reaction [3, 26–33] (Table S3 in the Electronic 

Supplementary Material (ESM)). 

To further investigate the nature of the active species in these 

catalytic systems, we first PXRD measurements of the samples 

recovered after RWGS reaction. In all cases, the presence of metallic 

cobalt is clearly observed in the patterns (Fig. 4), as well as 

manganese oxide MnO. These two species are formed in situ under 

the reducing atmosphere used in the reaction. We also noticed that 

for those sample containing calcium, diffraction peaks 

corresponding to MnO are broader, and possibly split, suggesting 

that particles with slightly different lattice parameters are formed. 

Considering that no CaO is detected in the PXRD patterns, this can 

be attributable to inhomogeneous insertion of calcium atoms in the 

MnO structure. 

Thus, metallic Co species appear as the catalytic active sites for 

RWGS. Indeed, a correlation between cobalt amount in the spinel 

oxides and resulting yield to CO is evidenced (Fig. 3(b)). 

Furthermore, at the view of the TPR profile catalysts #1, #2 and #4 

exhibit a complete reduction at 700 °C, which is in line with the very 

good activity of these samples. On the other hand, the lower CO2 

conversion observed for the catalyst #3 is attributed to the lower 

reduction proportion due to the higher temperature required to 

produce metallic cobalt which is not complete until a temperature 

above 850 °C, which is higher than the reaction temperature. This 

also explains the greater induction period observed for this catalyst 

during the reaction. On the other hand, the increase in Mn species 

leads to a slight decrease in the CO selectivity, favoring the 

production of CH4 [34], as it is evidenced in the MnCoCa 122 

sample (#2 catalyst) (see Table S3 in the ESM). 

 

 

Figure 3 (a) CO2 conversion versus time on stream at 700 °C and 

0.1 MPa for ZnMnCoCa 1441(#1, black), MnCoCa 122 (#2, red), 

ZnMnCoCa 1111 (#3, blue), ZnMnCo 118 (#4, green) and 

maximum (thermodynamic equilibrium) conversion for this reaction 

conditions (dark blue). (b) Correlation between the CO yield of 

RGWS reaction vs. the amount of cobalt in the spinel pre-catalysts. 

 



 

Figure 4 PXRD pattern of catalysts after reaction and their 

comparison with those corresponding to metallic Co and MnO. 

 

Figure 5 TEM-EDS study of catalyst after reaction, including #1 

(first row), #2 (second row) and #4 (third row). (a), (d), and (g) TEM 

images of post-reaction materials; (b), (e), and (h) zoom of previous 

(a), (d), and (g) zones, respectively (inset images show the 

crystallographic (001) plane of metallic Co). (c), (f), and (i) Plots of 

the metallic cobalt particle size distribution. (j)–(l) The percentages 

of metal elements determined in the EDS spectra collected for the 

indicated areas. 

TEM images evidences aggregates of two types of particles with 

different sizes (Fig. 5). According to EDS analysis, the large size 

particles, (> 50 nm) are mainly composed of manganese, 

corresponding to MnO as observed by PXRD. For catalysts 1 and 

2, the presence of calcium is also detected in the same particles by 

EDS. This is consistent with the above explained PXRD analysis, 

which suggest the formation of a calcium doped MnO structure. 

However, we noticed that the Ca/Mn ratio differs between different 

particles (see the ESM). This is also consistent with the peak 

broadening and splitting in the PXRD patterns of the corresponding 

samples, since small changes in lattice parameters are expected for 

different degree of calcium substitution of the manganese sites in 

MnO. EDS analysis did not show any presence of zinc in the 

catalysts, indicating that any zinc species formed during the reaction 

are reduced and sublimated during the reaction [35, 36]. 

Ultra-small nanoparticles covering the surface of MnO are also 

observed, which correspond to metallic cobalt, as confirmed by EDS 

analysis. The size of these nanoparticles is quite homogeneous, with 

slight differences in each sample. Thus, for the catalyst 4, obtained 

from the ZnMnCo 118 MOF, most of these nanoparticles are in the 

3.0–4.0 nm size range, while for catalysts #1 and #2 (ZnMnCoCa 

1441 and MnCoCa 122, respectively), they are in the 4.0–8.0 nm 

range. This TEM study  indicates that the catalytically active species 

are MnO-supported cobalt nanoparticles. The ultra-small size of the 

particles, and their distribution and accessibility on the surface of 

MnO are favoring the high activity of the catalysts due to high 

surface/volume ratio. 

3.4 In situ experiments to define RWGS reaction pathways 

To get insight in the structure–reactivity relationship a series of in 

situ experiments consisting of variable temperature powder X-ray 

diffraction, and NAP-XPS were performed with the sample #2 

(MnCoCa122) to determine the structural, chemical and surface 

changes under reaction conditions. 

In situ XRD experiments under H2:CO2 (2:1) atmosphere show how 

the spinel structure as determined by NPD Mn0.69Co1.50Ca0.81O4, is 

maintained until 400 °C. At this temperature, it starts to segregate 

CoO species (COD 1533087) with cubic structure and a cell 

parameter of a = 4.363 Å. The amount of cobalt oxide species 

progressively increases with the temperature. The detected 

broadening of these peaks indicates the presence of MnO (COD 

1010393) also with cubic structure and cell parameter of a = 3.568 

Å. Around 620 °C the presence of fcc cobalt (COD 1534891) is 

detected (cell parameter of a = 3.582 Å), which coexists with a 

Mn1−xCaxO phase (COD 1010393; a = 4.458 Å). These data are 

consistent with TPR studies above discussed.  

Following, we performed an in situ NAP-XPS study of catalyst #2, 

(MnCoCa 122) under relevant reaction conditions in order to 

monitor the evolution of the surface chemistry of this sample as it 

reaches reaction conditions. The evolution of the spectral features as 

the sample is exposed to 2 mbar of a 2:1 H2:CO2 mixture and high 

temperature can be followed in Fig. 6. These experiments evidence 

differences in the surface reduction processes in comparison with 

bulk one. The spectrum of catalyst #2 in the Mn 2p, Mn 3s and Co 

2p regions at room temperature consists of complex features of 

multiple splitting and satellites.  



 

 

 

Figure 6 In situ characterization of catalyst #2 under reaction conditions. In the upper part, two-dimensional 

(2D) and selected variable temperature X-ray diffraction patterns with simulated crystal phase patterns: #2 
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structure (light green, obtained from Rietveld neutron powder refinements), CoO (dark green), MnO (red), 

Mn1−xCaxO (purple) and metallic cobalt (blue). In the bottom part: NAPXPS of Mn 3s and Co 2p signal and 

selected spectra at different temperatures. In the middle, illustration of bulk and surface differences in the crystal 

and chemistry properties during the formation of the active species, where M is Ca, Co, Mn, Zn. Color atoms: 

oxygen (red), cobalt  (blue); zinc (light grey); manganese (magenta), calcium (green) and metallic cobalt (dark 

grey). 

 

Spectral features in the Mn 2p region are characteristic of Mn(III) (with Mn 2p3/2 maximum at 642.1 eV), and so 

is the magnitude of the ca. 5.2 eV Mn 3s peak split (Fig. 6). Upon increasing the temperature to 400 °C, clear 

spectral satellites emerge in the Mn 2p region, which are characteristic of Mn(II). Together with an increase of 

the Mn 3s split from 5.2 to 6.1 eV, these spectral changes suggest that the reduction of Mn(III) to Mn(II) has 

occurred. The oxidation state of manganese ions was determined using the Galakhov et al. approach [37]. The 

splitting of the Mn 3s core-level spectrum originates from the exchange coupling between the Mn 3s hole and 

Mn 3d electrons. The magnitude of this splitting is proportional to (2S + 1), where S is the local spin of the 3d 

electrons in the ground state. Figure 6 shows the Mn 3s region for all temperatures. The Mn 3s split (δE) has 

been used to determine the average oxidation state of Mn at each temperature using the values provided by 

Alvarez Galvan et al. [38]. Thus, in this material the manganese valence is changing from Mn3.1+ to Mn2.1+. On 

the other hand, the Co 2p region contains two contributions: a first peak at 780.3 eV that can be ascribed to 

Co(III) in an octahedral environment, and a second peak at 782.6 eV, which can be assigned to Co(II) ions in a 

tetrahedral environment, characteristics of spinel structures [39, 40]. In addition, the presence of a satellite peak 

mainly attributed to the existence Co2+ states is also observed [41]. In the Co 2p region, the relative spectral 

intensity of feature associated with Co3+ decreases and the feature associated with Co2+ increases upon increasing 

the temperature from ca. 350 °C, in the reactive mixture of H2 and CO2. These observations suggest that Co(III) 

has been reduced to Co(II). Changes on the surface chemistry correlates well with results from in-situ XRD heat-

treatment, where the structural bulk changes to CoO and MnO are detected for temperatures higher than 400 °C. 

The spectroscopic features remain stable upon further increasing the temperature up to 500 °C. However, a 

prominent low BE shoulder in the Co 2p region, associated with Co0, emerges when the temperature reaches ca. 

540 °C. Although the presence of metallic cobalt can only be observed at temperatures above 650 °C in the 

PXRD pattern, our NAP-XPS study shows surface metallic Co is formed at lower temperature. In accordance 

with the in situ XRD study, no further changes in Mn spectral features can be observed, indicating Mn species 

remains in the +2 oxidation state up to 600 °C under the reactive mixture. 

The O 1s core level spectra for catalyst #2 in presence of a 2:1 H2:CO2 reactive mixture was also recorded from 

room temperature (RT) up to 600 °C. The O 1s spectra (Fig. 7(a)) at UHV can be fitted with three components 

located at 529.8 eV, assigned to lattice oxygen (Ox), 531.1 eV assigned to surface absorbed OH (OOH), 532.7 eV 

assigned to surface carbon oxides (OC–Ox). Upon introduction of the gas mixture, and as the temperature rises, 

the intensity of components assigned to OOH and OC–Ox groups increases relative to that of lattice oxygen (Ox), 

indicating that there is an accumulation of carbonyl, formate and carbonate species due to reaction intermediates 

and hydroxyl species probably also due to adsorbed water as reaction product [42]. These results are further 

confirmed by the examination of the changes observed in C 1s signal, which exhibit the following components 

in the pristine sample: 284.4 eV (C–C), 285.8 eV (C–OH), 287.8 eV (C=O), 289.1 eV (CO3
2−). The introduction 

of reactive gases shows an increase in CO3
2− and C–OH signals and the presence of a new band at 292.5 eV 

assigned to CO2 in gas phase. Above 500 °C the increase of C=O and C–OH signals is more marked indicating 

the formation of reaction intermediates and the starting of formation of CO as product. Finally, at higher 

temperatures above 600 °C the CO3
2−/HCO3

− species increased and a new peak was observed at 282.0 eV, which 

is attributed to the carbidic carbon [43, 44] (Fig. 7(b)). At the view of these results, a plausible reaction pathway 

involves adsorption of CO2 on the catalyst support surface, possibly favored by presence of calcium atoms and 

oxygen vacancies, as well dissociation of H2 molecules promoted by metallic cobalt nanoparticles. This is 

followed by migration of hydrogen atoms and formation of intermediates, such as formate, carbonyl, and 

carbonate species, as detected in the XPS spectra. Finally, carbon monoxide and water are formed and released 

from the surface (Fig. 7(c)). 

 

 

 

  



 

 

 

Figure 7. NAP XPS spectra of (A) O 1s and (B) C 1s signals. (C) Illustration of intermediate species found with 

use of #2 catalyst for reverse water gas shift reaction. Color atoms: oxygen (red); manganese (magenta), calcium 

(green), metallic cobalt (dark grey), carbon (black) and hydrogen (white). 

 

Conclusions  

Reticular chemistry allows the precise control of the metal composition of spinel oxides by the pre-arrangement 

of the desired metal elements in the SBU of a MOF, followed by a simple calcination process. Through this 

precise control of the metal atoms distribution, the reactivity of the resulting oxides is modified, in such a way 

that highly active and selective catalysts can be produced under selected catalytic conditions. Thus, the in situ 

formation of ultra-small metallic cobalt nanoparticles supported on manganese oxide is accomplished with the 

reduction of multimetal spine oxide as precursors. Through this route, it is possible to create catalysts with very 

high activity and selectivity for the reduction of carbon dioxide to carbon monoxide with hydrogen, reaching 

conversion values near the thermodynamic equilibrium under high space velocity, and 100% selectivity to carbon 

monoxide with certain compositions. This is among the most active and selective catalyst for the industrially and 

environmentally relevant reverse water-gas shift reaction. 
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