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Abstract 

Their complex surface chemistry and high oxygen lattice mobilities place mixed metal oxides among the 
most important families of materials, with industrial applications from heterogeneous catalysis to 
sensing and semiconductor industry. Modulation of stoichiometry in mixed metal oxides has been 
shown as a very powerful tool to further tune optical and catalytic properties. However, accessing 
different stoichiometries in mixed metal oxides is not always possible through traditional synthetic 
protocols.   Here, we show that, using a bimetallic metal organic framework as precursor it is possible to 
synthesize mixed metal oxide catalysts with a similar metal to metal stoichiometry as that of the original 
MOF phase.   More specifically, the thermal decomposition of the recently reported MOF MUV-101(Fe, 
Ti) results in the formation of carbon-supported titanomaghemite nanoparticles with an unprecedented 
Fe/Ti ratio close to 2, not achievable by soft-chemistry routes. The resulting titanomaghemite phase 
displays an outstanding catalytic activity for the production of CO from CO2 via the reverse Water-Gas 
Shift (RWGS) reaction, with CO selectivity values of ca. 100 % and no signs of deactivation after several 
days of time on stream. Theoretical calculations suggest that the reaction mechanism is promoted by 
the formation of COOH* species, resulting in the favorable formation of CO over other byproducts like 
CH3OH or CH4. Our work illustrates the exciting possibilities offered by heterometallic MOFs for the 
production of catalytic materials not accessible through traditional synthetic routes and opens the door 
to translating the atomic control of metal composition and distribution of the parent MOF onto complex 
mixed-oxide structures.  

Unlocking mixed oxides with unprecedented 
stoichiometries from heterometallic Metal Organic 
Frameworks. Implications for the catalytic 
hydrogenation of CO2    
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Carbon dioxide emissions and their implications for climate change are, most likely, the biggest 

challenge for our civilization.1 Yet, the complexity and scale of the issue have so far hampered real 

progress in the implementation of technological solutions to address this challenge. The lack of progress 

in the implementation of CO2 utilization technologies is an outstanding example: for these technologies 

to become part of the solution and not an additional problem, several factors need to be taken into 

account: (i) the required energy to transform CO2 into valuable assets should be 100 % renewable, (ii) 

the CO2 footprint of any potential process should be minimum (i.e. by avoiding energy intensive 

separation processes) and (iii) the potential product(s) should be highly demanded. With these 

requirements in hand, the transformation of CO2 to CO is regarded as a key technology. CO is arguably 

the most important C1 building block in a variety of industrial processes such as carbonylation of organic 

compounds,2 the production longer chain hydrocarbons through the Fischer-Tropsch (FTS) process,3 the 

synthesis of methanol and synthetic (CO2 neutral) fuels4,5 or the synthesis of important chemicals such 

as acetic acid.6 More importantly, CO can be produced from CO2 and water using renewable energy 

either via direct electrolysis or in a two-step process involving water electrolysis to produce H2 followed 

by the thermocatalyc hydrogenation of CO2 through the reverse Water-Gas Shift (RWGS) reaction. In 

spite of important advances in the direct electrocatalytic transformation of CO2 to CO, the high 

efficiency of water electrolyzers to produce H2 and the technological maturity of thermocatalytic 

processes both point to the two-step process as a very interesting path to follow. 

The conversion of CO2 to CO via reverse water gas shift (RWGS) is endothermic (ΔH0
298 = +41,1 kJ 

mol-1).7,8 As consequence of the relatively high temperatures required, catalysts deactivation either by 

sintering or carbon deposition (i.e. cocking) are the most predominant issues. Currently, most of the 

research on new catalysts for this reaction focuses on precious metals, with non-noble metal catalysts 

being rare. Among the latter, iron oxides are promising and inexpensive candidates.9,10 However, the 

presence of H2 and CO at high temperatures often results in the formation of metallic iron and iron 

carbides. The latter phases enable the production of methane and other hydrocarbons, with subsequent 

cocking and catalyst deactivation.11 This is why research efforts to stabilize the oxidic form of iron are 

explored since the century-old Fe2O3-Cr2O3 catalyst, notable for its use in high temperature water gas 

shift.12–14  

An alternative strategy to stabilize the oxidized state of iron is via the formation of a mixed 

oxide based on the Fe-Ti-O system, although Mn has also been suggested to have a similar effect.15,16 

The substitution of Fe by Ti ions in the α-Fe2O3 lattice has been found to impose kinetic restrictions 
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towards the reduction of Fe to metallic iron, iron carbides and titania. This has not only proven to be 

effective in stabilizing the oxidized state of iron but also in decreasing the deactivation rates of the 

catalyst.15 Considering the FeO-Fe2O3-TiO2 phase diagram, several candidates are worth being 

considered: ferrous pseudobrookite (FeTi2O5), pseudobrookite (Fe2TiO5), ilmenite (FeTiO3), and the 

ulvöspinel (Fe2TiO4).17 Figure S1 in the supplementary information provides the free energy of reaction 

for the formation of 1 mol of either Fe or Fe3C at RWGS thermodynamic equilibrium (Peq = 1 bar, CO2:H2 

= 1:3). At temperatures higher than 300 °C (eg. χeq(CO2) >22 %), the Fe2TiO4 spinel is the only one to 

display a positive free energy for both the formation of Fe3C and Fe, and consequently stands out as the 

best potential catalyst. Calculations of the corresponding equilibrium composition of the solid phase 

show that 78-84 % of iron can be stabilized in its Fe(II) state at 1 bar in the 375-475 °C temperature 

range (Figure S2). Unfortunately, most of the reported syntheses of such materials are solid-state based 

method, which require prolonged heating at very high temperatures (>1000 ºC) and result in micron 

sized particles with little to none use in catalytic applications.18–20 Some reports have claimed the 

possibility to obtain titanomaghemite nanoparticles (NPs) by soft-chemistry synthetic procedures,21–25 

although Pearce et. al have shown the difficulties in incorporating titanium in the spinel structure below 

a Fe/Ti ratio of ca. 6.5.25  

With the objective in mind of achieving the manufacture of nano-sized particles of 

titanomaghemite with a high Ti content, along with the recent discovery of multimetallic MOFs,26–28  we 

decided to explore the potential of bimetallic Metal-Organic Frameworks (MOFs) with a pre-defined Fe-

Ti ratio as catalyst precursors. The MOF-mediated synthesis29 has allowed the formation of carbon-

based materials with well-defined morphologies, featuring highly dispersed metallic nanoparticles 

suitable for catalytic and electrocatalytic applications30,31 as well as supercapacitors32 or Li-ion 

batteries.33 However, to the best of our knowledge, the use of MOFs containing well defined 

multimetallic units has been very much underexplored.  

Targeting, in accordance to our thermodynamic calculations, Fe-Ti ratios in the order of 2, we selected 

the recently reported MUV-101(Fe, Ti) framework. This material displays the characteristic mesoporous 

structure of MIL-100 with a mtn topology but features heterometallic [TiFe2(µ3-O)(O2C)6] secondary 

building units (SBUs).34,35 To our delight, the controlled decomposition in N2 of the parent framework 

results in the formation of titanomaghemite nanoparticles (NPs) with an unprecedented catalytic 

performance in the RWGS reaction.  

Preparation of the parent catalyst precursor  
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High-yield synthesis of heterometallic MUV-101(Fe, Ti) at a gram-scale was carried out according 

to the reported methodology.35 Scanning electron microscopy (SEM) and Transmission electron 

microscopy (TEM) images show the absence of amorphous solid and the exclusive presence of isolated 

octahedral monocrystals with a size ranging from 0.2 to 0.5 µm (Figure 1). Energy Dispersive X-Ray (EDX) 

and elemental analysis both confirm the homogeneous distribution of Ti and Fe across the solid in a 

Fe/Ti ratio of 2 (Figure S3, Table S1). Phase purity was assessed by means of powder X-Ray diffraction 

(PXRD) and thermogravimetric analysis (TGA) (Figure S4 and S5). The ensemble of reflections observed 

in the XRD pattern are properly assigned to the Fd-3m space group (Le Bail refinement, a = 73.496 Å, Rp 

= 3.1 % - Rwp = 4.3 %; Figure S4), which is characteristic of the mtn topology. Due to their similar atomic 

form factors, it is not possible to refine the site occupancies of Ti and Fe using a single data set. 

Nonetheless, the absence of superlattice reflections indicates there is no particular ordering of Ti and Fe 

cations in the framework. Still, the diffraction cannot exclude the formation of amorphous MOxHy 

clusters (M = Fe or Ti).36  

To discard the formation of amorphous oxides, we carried out a HRTEM study along the <110> 

crystallographic orientation of the framework. Under this projection, the dodecahedron cages (24 Å) are 

aligned through two pentagonal apertures, revealing the porous nature of the material (Figure 2b-c). In 

 
Figure 1. Scanning (a and b) and transmission (c) electron microscopy micrographs of as-made MUV-101(Fe, Ti) 
crystals. 
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order to visualize the crystal structure of the MUV-101(Fe, Ti) sample, low dose HRTEM was acquired at 

one vertex of the octahedral crystal along the ⟨110⟩ zone axis using the methodology and the software 

tools already reported (Figure 2d).37 An electron dose as small as 10 e-/Å2 preserves the crystal structure 

since the fast Fourier transform (FFT) of the image display a high lattice fringe resolution of 2.4 Å (Figure 

2e). The acquired images are not directly interpretable because the phase contrast depends on the 

interaction of the incident wavefunction along the material thickness and on the contrast transfer 

function of the objective lens. Nonetheless, both contributions can be calculated quantitatively by multi-

slice simulations applied to a well-chosen structural model.38 Thus, a model MUV-101(Fe, Ti) unit cell 

was built with a random distribution of titanium and iron cations through the metallic clusters, keeping a 

2:1 atomic ratio. Geometrical considerations related to the octahedral morphology provide a sample 

thickness of 90 nm (Figure S6a), which was implemented as a 3x3x12 supercell (>1 million atoms). 

Defocus (-504 nm) and astigmatism (23 nm) were later determined using the Thon rings that become 

visible after amorphization of the crystal under high electron dose rate (Figure S6b).37,39 

The image simulation corresponding to the region of interest (ROI) (Figures 2) shows an 

acceptable agreement between theory and experiment. Further comparison with the projected model 

of the supercell reveals that the framework appears essentially as a black contrast (Figure 2h). Due to 

the crowded arrangement of the atoms (>10000 atoms per unit cell), only the positions of the 

supertetrahedra and trimeric clusters surrounding the dodecahedron cages are clearly identified. On the 

other hand, the porosity of the material is clearly appearing as a homogenous white contrast and 

further supports the absence of any residual titanium or iron oxide.40 This is in agreement with the total 

incorporation of the metal cations in the framework for the formation of an heterometallic [TiFe2(µ3-

O)(O2CR)6X3] cluster in this material as it was elucidated elsewhere by total scattering experiments.35  

Imaging results are also consistent with the observed type-I+II composite isotherm measured 

with N2 physisorption (Figure S7, Table S1). The BET and microporous surface area are respectively 2042 

and 1871 m2.g-1
, in the ballpark of the accessible surface area of 1828 m2.g-1 calculated with the N2 

kinetic diameter (3.314 Å) with the software Zeo++.41 Two secondary gas uptakes were observed at P/P0 

values of ca. 0.05 and 0.13, which are usually ascribed to the filling of the two types of cages found in 

the MIL-100 structure.42 The corresponding pore size distribution (PSD) was calculated by the Non-

Linear Density Functional Theory (NLDFT) method using various slit and cylindrical shaped pore kernels. 

All models tested tend to provide lower pore widths compared to the two cage sizes calculated via 

Monte Carlo simulation (21 Å and 28 Å).43 Eventually, the most suitable NLDFT kernel is a cylindrical 
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shaped pore model for oxide surfaces displaying the two major pore widths of 19 and 24 Å. The total 

pore and micropore volume (t-plot) are 0.93 and 0.78 cm3.g-1 respectively, also in close range of the 

theoretical pore volumes (probe-occupiable: 0.85 cm3.g-1, helium: 0.94 cm3.g-1, geometrical: 1.02 cm3.g-

1).44,45  

 
Figure 2. (a) Illustration of a hybrid supertetrahedron (ST) built from trimeric metal octahedra linked together by 
benzene-1,3,5-tricarboxylate. (b) Schematic illustration of the MIL-100 structure viewed along the <110> 
crystallographic direction. (c) Topology of the MIL-100 unit cell represented as an arrangement of pentagonal 
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dodecahedron cages (brown color) and hexadecahedron cages (green color). (d) Drift corrected HRTEM image of 
MUV-101(Fe, Ti) viewed along <110> zone axis. (e) The corresponding fast Fourier transform (FFT) in which the 
dash circle displays the maximum lattice fringe resolution (2.4 Å). (f) Enlarged area of the highlighted area shown 
as a white square in (d). This region of interest (ROI) was denoised using successively three filters: an average 
background subtraction filter (ABSF), a Wiener filter and a band pass filter. (g) Multi-slice HRTEM image simulation 
(sample thickness = 90 nm, defocus = -504 nm, astigmatism = 23 nm - 51 degrees, spherical aberration = 3 mm). (h) 
Projected structural model of the MUV-101(Fe, Ti). 
 

MOF Mediated Synthesis of Titanomaghemite Nanoparticles 

Following previous reports,15,46,47 we carried out the controlled pyrolysis of MUV-101(Fe,Ti) to 

form a bimetallic catalyst, denoted as TiFe/C. The bimetallic TiFe/C solid was then produced by heating 

the as-synthesized MUV-101(Fe, Ti) in a tubular oven up to 600 °C under inert atmosphere (N2) for 8 

hours. The elemental analysis provided by inductively coupled plasma (ICP) and CHN measurements 

show a substantial amount of carbon (24.6 wt.%) alongside a high content of Ti and Fe in the solid (15.8 

wt. % Ti and 31.0 wt. % Fe), consistent with the atomic Ti:Fe ratio of ∼2 in the parent crystals. All the 

SEM/ADF-STEM micrographs confirm that the resulting solids maintain their octahedral morphology 

after pyrolysis (Figure 3a and b, Figure S8-S9). Lattice fringes appearing on the high-resolution image of 

an octahedra corner highlight roundish crystallites with a 1-8 nm diameter as individual building block of 

the aggregates (Figure 3c). Further elemental analysis of a similar area recorded by STEM-EELS (Figure 

3d-g), shows that the nanocrystallites are a mixed Ti-Fe oxide considering the homogenous distribution 

of Ti, Fe and O atoms (overlap of Ti and Fe maps, Ti and O maps - Figure 3e and f, Figure S10). Note also 

the occurrence of a carbon matrix sitting between the nanoparticles, although its presence lessens in 

the outer layer of the octahedral aggregate (overlap of Ti and C maps - Figure 3g).  
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Figure 3. Imaging and chemical mapping of pyrolyzed MUV-101(Fe, Ti) (a) Low magnification SEM micrograph. (b) 
Low magnification annular dark field STEM micrograph. (c) High-resolution dark field STEM image of an octahedral 
corner. The inset displays the fast Fourier transform of the same area. (d) A survey image of an octahedral corner 
used for STEM-EELS characterization: (e) Overlap of the Ti and Fe chemical maps built with Ti and Fe L3,2-edges, (f) 
overlap of the Ti and O chemical maps built with Ti L3,2-edge and O K-edge, (g) overlap of the Ti and C chemical 
maps built with Ti L3,2-edge and C K-edge. 

 

The structural changes during the pyrolysis of the MUV-101(Fe,Ti) under N2 were followed by in-

situ TEM (Figure 4, Movie S1). In a preliminary step (up to 400 °C), the crystals undergo a considerable 

shrinkage (∼20-30 %). Above this temperature, the particles continue to shrink slightly but more 

importantly, their aspect become granular. This phenomenon corresponds to the bulk formation of 

small nanoparticles that aggregate along the crystal while maintaining the pseudo-octahedral shape of 

the original MUV-101(Fe, Ti) crystal. For the biggest crystals (Figure S11), the collapse of the MOF 

ligands is observed as a carbon front moving from the surface to the inside of the aggregates. Most of 

these events occur in the 400-500 °C range, in agreement with the thermogravimetric analysis 

performed under N2 atmosphere (Figure S12).  
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Pyrolysis led also to a complete change of the textural properties as discerned from the 

composite type-I+II isotherm with a tiny H4-type hysteresis. The BET surface area is reduced from 2042 

to 250 m2 g-1. The microporous volume and surface area as calculated by the t-plot method are 0.07 cm3 

g-1 and 210 m2 g-1, respectively. This suggests that most of the specific surface area (84%) is located in 

the microporosity, most probably within the carbon or in-between carbon and oxide nanoparticles. The 

type of isotherm is characteristic of a material featuring irregularly distributed micro- and mesopores 

(Figure S13, Table S1).48 The NLDFT results retrieved from a simultaneous treatment of CO2 and N2 

isotherms are presented in Figure S13. These results show that the predominant porosity has a diameter 

of 5 Å and contributes to ∼85% of the total specific surface area in agreement with the former t-plot 

results. Three minor populations of pores at ∼1.2, 3.8 and 35 nm are also observed. The cumulative PSD 

also shows most of the mesoporous volume (0.08 cm3 g-1) is broadly distributed over the pores with 

sizes greater than 2 nm. Those are tentatively assigned to some residual spaces between oxide 

nanoparticles, i.e spaces free from carbon, and intergranular pore between the aggregates.  

In order to gain insight into the nanoscale features of the NPs aggregates, such as the 

nanoparticles size and 3D location, we carried out electron tomography measurements (Movie S2). The 

reconstructed tomograms revealed the existence of two populations of nanoparticles, identified by their 

Figure 4. In-situ TEM imaging of the MUV-101(Fe, Ti) crystals during pyrolysis from 300 °C up to 600 °C and under 1 
bar of N2. Only selected temperatures are shown. A full movie including images taken at all temperatures during 
the MOF decomposition is available in supplementary information. 



 10 

higher contrast in the tomographic cross-sections (Figures 5a and c, Movie S3). A set of NPs was found 

decorating the surface of the octahedral particle. They form a uniform, external layer that is embedded 

with the carbon shell at the surface of the particle. A second set of NPs also shows a uniform distribution 

but are confined to the empty space offered by the porous carbon matrix. 3D image quantification of 

the segmented electron tomograms (Figure5 and d) was used to analyze specifically the location of both 

metal dispersions. Figure 5f shows the particle size histograms determined for the two populations of 

metal oxide NPs. The pore-confined set showed a rather narrow size distribution with a number-

averaged particle size of 2.2±1.4 nm, whilst the NPs located on the outer surface of the aggregate 

displayed a number-averaged size of 4.2±1.3 nm. The corresponding surface-averaged nanoparticle sizes 

were found to be 4.5±2.7 nm and 5.0±1.5 nm, respectively. The analysis also revealed that the fraction 

of metal confined in the carbon matrix after annealing accounts for >63% of the overall metal oxide 

surface area, which is ideal to mitigate agglomeration under reaction conditions (vide infra). Further 

analysis of the size of the pore-confined NPs as a function of their 3D Euclidean distance to the 

geometrical center of the particle analyzed revealed no statistically relevant size gradients. The only 

statistically significant size differences were found between internal (pore-confined) and external (shell) 

NPs, suggesting that pore confinement in the carbon matrix is the factor dominating metal oxide 

clustering upon annealing.  

High-resolution X-Ray Photoelectron Spectroscopy (XPS) was applied to the TiFe/C catalyst and 

the results are shown on Figures S14-S15 and Table S3-S4. The Fe 2p core level spectrum consists of two 

main broad peaks at 779.8 eV and 794.9 eV corresponding to 2p3/2, 2p1/2 spin orbit lines, respectively. 

The spectrum also contains satellite structures at the high binding energy side of the 2p3/2 and 2p1/2 

main peaks. To identify the oxidation state of iron, a combined peak fitting of the 2p3/2-2p1/2 region was 

conducted.49–51 The Fe 2p3/2 spectrum is decomposed with two contributions assigned respectively to 

the Fe3+ core levels and the associated shake-up satellite (711.1 and 719.6 eV), as well as the Fe 2p1/2 

analogues (724.7 and 733.4 eV). There is no detectable presence of Fe(II) in the pyrolysed sample. The Ti 

2p3/2 and 2p1/2 signal both correspond to the Ti(IV) oxidation state with peak maximum at respective 

binding energies of ca. 458.3 and 464.2 eV. The C 1s core level was fitted using four components located 

at 284.3 eV, 285.1 eV, 286.7 eV, 289 eV and 289.5 eV corresponding to the C=C(sp2), C-C/C-H (sp3), C-O, 

C=O and O-C=O bonds, respectively.52,53 The O 1s core level was fitted using three components located 

at 530.1 eV, 531.7 eV, 533.4 eV corresponding to the M-O-M, M-OH, M-H2O/C=O bonds, respectively. 

Although the pyrolyzed sample was protected from air to avoid the re-adsorption of water, the hydroxyl 

moiety accounts for 19 % of the O 1s surface signal. Besides, accurate quantification of the non-
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dissociative adsorbed water is hampered by the overlap with the C=O bond peak whose presence was 

simultaneously observed in the C 1s spectrum.54  

Experimental powder XRD patterns of the catalyst were acquired with a Mo Kα1 radiation which 

allows the measurement of an extended region of scattering vectors (Q = 17 Å-1) and are shown on 

Figure 6a for MUV-101(Fe, Ti), and the TiFe/C catalyst. The MUV-101(Fe, Ti) pattern (Figure 6a, top 

trace) shows sharp Bragg peaks that vanish completely after the pyrolysis step (Figure 6a, middle trace). 

Instead, the XRD pattern for TiFe/C is rather diffuse and shows only a few broad Bragg-like peaks that 

overlap considerably. In case of the bimetallic TiFe/C solid, the few observable reflections were assigned 

as a first approximation to the Fd-3m space group which is the usual space group for most of the 

reported spinel structures55 including the titanomagnetite phases56 (Le Bail refinement, a = 8.317 Å, Rp = 

5.5% - Rwp = 7.3%), and alternatively to the P4332 space group assigned to the titanomaghemite phases 

(Le Bail refinement, a = 8.322 Å, Rp = 4.2% - Rwp = 5.6%) (Figure S16a).57 A very minor presence of large 

crystallites of ferrite (α-Fe) is noted thanks to the observation of the narrow {110} reflection (from the 

bcc unit cell (Q = 3.11 Å-1, 2θ = 20.25 °). Thus, the best match was obtained with the P4332 space group 

but the residual remains significant due the diffuse character of the powder diffraction patterns. As 

result, we could not use conventional Rietveld refinement for determining the atomic structure of the 

bulk metal oxide formed. 
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An alternative strategy is to use the total scattering data that includes both Bragg and diffuse 

scattering intensities.58,59 Experimental atomic Pair Distribution Functions (PDFs) are shown in Figure 6b 

with open symbols. All show a series of sharp peaks reflecting the presence of well-defined atomic 

coordination spheres. The atomic PDF of the MUV-101(Fe, Ti) structure is extremely complex due the 

large number of atoms in the unit cell (Figure 6b, top trace). For a detailed analysis on this that confirms 

the presence of heterometallic TiFe2 nodes in the framework we refer the reader to a recent 

contribution.35 For the pyrolysed MUV-101(Fe, Ti), i.e. TiFe/C, the atomic PDF is markedly different than 

the parent MOF and decay to zero at a distance of ca. 30 Å, which is shorter than the volume-averaged 

particle size determined by electron tomography (Figure 6b, middle trace). This is usually the sign of a 

Figure 5: Electron tomography analysis of the TiFe/C catalyst. (a,c) Single voxel-thick mathematical cross sections 
through the reconstructed tomograms, and (b,d) surface-rendered 3D reconstructions of representative catalyst 
particles as derived from Energy-Filtered Transmission Electron Microscopy (EF-TEM) and Bright-Field Transmission 
Electron Microscopy (BF-TEM) tomograms. In panels b and d, metal oxide nanoparticles are depicted in pale green. 
(e) Schematic representation of the location-specific tomogram segmentation results on a selected tomographic 
slice. Metal oxide nanoparticles confined to the porosity of the carbon matrix are outlined in orange, while those 
on the outer surface of the carbon-based aggregate particle appear outlined in cyan. (f) Location-specific metal 
nanoparticle size histograms as derived from image analysis of BF-TEM electron tomograms. The two histograms 
are independent and thus not aggregative. 
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non-negligible structural disorder, because of finite size and surface relaxation effects often observed 

with nanoparticles.60–62  

 
Figure 6. Structural characterization by total scattering experiments of MUV-101(Fe, Ti), TiFe/C catalyst before and 
after rWGS reaction at 375 °C: (a) experimental diffraction patterns and (b) experimental (open symbols) and 
cubic-constrained model atomic PDFs (full line). The grey lines are the difference profiles. 

Titanomaghemites are non-stochiometric metastable spinels with a general formula:63  

Fe3+
1-δ Fe2+

δ[Fe3+
(2-2x+z+zx)R-1+δFe2+

(1+x)(1-z)R-δTi4+
xR□3(1-R)]O2-

4, 

where x is related to the Fe/Ti ratio (Fe/Ti = (3-x)/x), z the fraction of iron atoms oxidized in Fe(III) state, 

R the spinel stoichiometry parameter (R = 8/[8+z(1+x)]), and δ the number of Fe2+ ions on tetrahedral 

sites. The above equation assumes that both cation vacancies and Ti4+ cations are restricted to the 

octahedral sites. Previous neutron diffraction studies and magnetic measurements have confirmed that 

Ti4+ always occupies the octahedral site both in titanomagnetite and titanomaghemite phases.64–66 

Taking into account elemental analysis (x = 1) and the characterization of metal oxidation state by XPS (z 

= 1), the structural formula for the present titanomaghemite is expected to be: 

Fe3+[Fe3+
0.6Ti4+

0.8□0.6]O2-
4 
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Therefore, the fitting of the experimental PDF for TiFe/C was approached with a traditional 

crystallography constrained modeling using the primitive cubic lattice of the bulk titanomaghemite 

spinels (P4332) and using the previous structural formula to set the initial values of the metal site 

occupancies.57 The fit result in the 1.6 – 30 Å range is shown as a plain line on  figure 6b (middle trace) 

and the final values for the refined parameters are all provided in table S6. The agreement between the 

periodic model and the experiment appears reasonable (Rw = 29 %), with a coherent domain of 28 ± 2 Å 

and with the cubic unit cell dimension of 8.31 ± 0.01 Å. Interestingly, the refinement of the site 

occupancy factors of both tetrahedral and octahedral sites yielded values way below the original 

structural formula, with the 4(b) site being completely free of metal cation. Various attempts to enhance 

the fitting were also performed by adding phases from the Fe-Ti-O thermodynamic diagram (eg. Fe, FeO, 

TiO2, FeTiO3, Fe2TiO5)17 but resulted only in marginal improvements. Using anisotropic Debye-Waller 

factors also led to a marginal improvement of the agreement factors in view of the number of 

parameters introduced. The same was observed when applying a two-phase model where each phase 

only contained one of the metal elements (Table S6-S7 and Figure S16b). 

The presence of metal vacancies was similarly noticed by a recent PDF analysis of γ-Fe2O3 

nanoparticles with high surface to volume ratio.67 Previous studies have shown that the progressive 

introduction of titanium in the magnetite (Fe3O4), forming titanomagnetites up to the ulvöspinel end-

member (Fe2TiO4) increases the unit cell parameter from 8.396 Å up to 8.530 Å.68 On the contrary, the 

oxidation of magnetite to maghemite requires an exchange of three Fe2+ by two Fe3+ cations which 

introduces in the maghemite end-member a total of 2.67 vacancies per unit cell. The overall result is a 

continuous decrease in the cell parameter from 3.960 Å in magnetite down to 3.340 Å in maghemite.69 

Lastly, Cervellino et al. have demonstrated a dependency of the lattice parameter on particle size which 

follows a D-1 law.70 Consequently, the small unit cell parameter of 8.31 Å, lower than any previous 

reported values, can be explained both by the absence of Fe2+ cations and by the extensive presence of 

metal vacancies. Maintaining the charge neutrality of such defective nanocrystals requires the presence 

of hydroxyl groups in the structure. Considering the values of the calculated site occupancy factors, a 

structural formula can be approximated (assuming the presence of 32 oxygen atoms in the unit cell): 

Fe3+
0.55□0.45[Fe3+

0.41Ti4+
0.48□1.11]O2-

0.8(OH)-
3.2 

Solids derived from MIL-100(Fe) alone (labelled as Fe/C catalyst) and a mechanical mixture of 

MIL-100(Fe) and MIL-100(Ti) (labelled as [Fe+Ti]/C catalyst) were also investigated in order to gain 

further insight into the importance of starting from a bimetallic MOF. Interestingly, the pyrolysis of 
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these solids provides respectively a mixture of ferrite (α-Fe) and cementite (Fe3C) phases and a mixture 

of hematite (Fe2O3) and titania (TiO2) phases (Figure S17). Those results demonstrate clearly that the 

implementation of two metals in the inorganic node of the MOF precursor enables the formation of 

mixed oxides not accessible by the pyrolysis of a mixture of homometallic phases. Nonetheless, although 

we cannot completely rule out the presence of impurities as e.g. in the form of homometallic or other 

mixed-oxide phases, this only represent a very minor fraction in the material and our results strongly 

support the homogeneous distribution of Ti and Fe across the titanomaghemite nanoparticles. 

Moreover, our synthesis approach yields small nanocrystals of 5.3 nm (surface-averaged size), which is 

lower than any former values reported with other synthesis protocols.21–25  

Catalytic CO2 Reduction over the Titanomaghemite Catalyst 

Initial catalytic tests on the performance of the TiFe/C solid in the CO2 reduction reaction were carried 

out at 375 °C, 30 bar, H2/CO2 = 3 and a gas hourly space velocity (GHSV) of 12000 mL·g-1·h-1. For the sake 

of comparison, Fe/C and [Fe+Ti]/C catalysts, synthesized respectively from MIL-100(Fe) and a mixture of 

MIL-100(Ti) and MIL-100(Fe), were also tested. The performance of all catalysts in the hydrogenation of 

CO2 after 24 hours is shown in Figure 7a. The Fe/C catalyst showed higher catalytic activity and the 

highest CO2 conversion (ca. 35 %) under identical reaction conditions. However, it displayed a very 

broad product distribution with low selectivity to CO and poorer stability at longer reaction times 

(Figure S16). Similarly the [Fe+Ti]/C catalyst displayed similar conversion level and product distribution. 

This is easily understandable as the original Fe2O3 phase present in the [Ti+Fe]/C catalyst evolved after 

reaction towards a mixture of Fe3C and Fe as in the Fe/C catalyst (Figure S18). In contrast, we observed 

that the TiFe/C catalyst shows a moderate CO2 conversion of ca. 23 % at 375 °C but displays an 

outstanding high selectivity (ca. 96 %) towards the formation of CO even for different catalyst loadings 

and at higher conversions, similar to that displayed by Fe/C (Table S7).  
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Next, we intended to confirm if the small and defective titanomaghemite nanocrystals obtained 

by our MOF mediated synthesis possess a unique reactivity compared to Fe-Ti based spinels synthesized 

by other methods. However, all our attempts to synthesize titanomagnetite nanoparticles via published 

reverse co-precipitation protocols were unsuccessful (Table S8). Although the PXRD patterns of the 

resulting materials display the characteristic d-spacings of the spinel structure (Figure S19a), elemental 

mapping by STEM-EELS (Figure S19b) reveals that Ti atoms are segregated and the nanocrystallites of 

magnetite are decorated by an amorphous layer of TiO2 (TiO2@Fe3O4). These results are consistent with 

a previous report by Pearce et al., who noted that homogeneous nanoparticles were obtained only 

down to a Fe:Ti ratio of 6.5. At lower ratio, Ti is seggregated in an impurity phase which demonstrate the 

superiority of our synthesis method to enable the quantitative incorporation of Ti in the spinel 

structure.25 Despite metal segregation, TiO2@Fe3O4 catalysts and their oxidation products (TiO2@γ-

Fe2O3) were also tested for hydrogenation of CO2 under the same experimental conditions. None of 

those precipitated catalysts could reach a CO selectivity as high as the TiFe/C catalyst (34% vs. 96%, 

Figure 7. a) CO2 conversion (black), CO (green), CH4 (pink), and C2+ products (blue) selectivity values of the 

hydrogenation of CO2 over TiFe/C, Fe/C and [Ti + Fe]/C catalysts at 24 hours t.o.s. b) Time evolution of the CO2 

conversion (black) and CO (green) and CH4 (pink), selectivity values of the hydrogenation of CO2 over TiFe/C. 

Reaction conditions: T = 375 ºC, H2 /CO2 = 3, P = 30 bar, GHSV = 12000 mL·g-1·h-1. 



 17 

Table S9) further supporting that the presence of Ti and its uniform integration in the TiFe oxide are 

essential to CO selectivity. 

The stability of the TiFe/C catalyst was assessed for 48h of RWGS reaction at 375 °C and 30 bar. 

The conversion and CO selectivity values remained constant during the whole experiment (Figure S7b) 

showing good stability in these reaction conditions. Only few structural changes could be captured after 

the reaction. STEM images taken after the latter stability test show that the catalyst particles are 

relatively altered after the reaction (Figure S20-S21). For the most part, the modifications are due to the 

sintering of the nanoparticles on the outer surface of the octahedral agglomerates. Nonetheless, the 

nanoparticles that are confined inside the porous carbon matrix seems to remain intact. This is 

remarkable as the titanomaghemite spinels are metastable and reported to invert without change of 

chemical composition at temperature above 350 °C and at elevated pressure.71–73 The products resulting 

from the inversion are usually a multi-phase mixture of TiO2, FeTiO3, Fe2TiO5, Fe2TiO4 and α-Fe2O3. 

Furthermore, our initial thermodynamic calculations predicted the formation of Fe3C and metallic Fe 

during RWRGS, especially at high pressure (Figure S2). Surprisingly, none of those phases were observed 

after reaction. Indeed, the PXRD pattern of the catalysts recovered after the reaction at 375 °C shows 

only the titanomaghemite phase (Figure 6a, bottom trace), although the Bragg peaks are slightly 

sharper compared to the as-made catalyst. This was treated during the refinement of the PDF by an 

increase of the coherent domain size up to 33 ± 2 Å and a slight increase of the unit cell parameter up to 

8.33 ± 0.02 Å (Figure 6b, bottom trace). The rest of the refined parameters remain comparable to the 

ones calculated for the as-made catalyst (Table S10). This further supports the superior chemical 

stability of the TiFe/C catalyst, compared to other benchmark materials (Table S11), where the main 

changes observed by STEM are mainly due to aggregation of the outer-surface NPs rather than to 

structural changes during the reaction. Regarding the oxidation state of iron, the fitting of the Fe 2p core 

level spectrum show the presence of 42 and 58 at.% of Fe(II) and Fe(III) species, respectively on the 

surface (Figure S14 and Table S4). Since the formation of wüstite (FeO) was not observed, the newly 

formed Fe(II) cations are assumed to remain in the titanomaghemite nanoparticles. Despite the high 

hydrogen and the carbon monoxide partial pressure of RWGS reaction, the oxide form of iron can be 

successfully retained. Thus, the effective integration of Ti in the bimetallic catalyst has a dramatic effect 

over the stability of the spinel structure under RWGS reaction conditions. The total absence of metallic 

iron and iron carbide, contrary to previous thermodynamic calculations, suggests that part of the 

catalyst's stability can be attributed to kinetic stabilization.  
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Finally, we carried out an optimization of the operating conditions by varying temperature, 

pressure, contact time and the H2/CO2 ratio (Figures S22-S27) to push the catalytic performances of the 

TiFe/C catalyst for the RWGS reaction. See Table S11 for a summary of our results compared with 

benchmark materials.7,8 Compared to the previously reported RWGS catalysts with high CO2 conversion 

and high CO selectivity that usually operate at 450 or 600 °C, the TiFe/C catalyst can reach a nearly 100 

% selectivity towards the formation of CO as well as higher space time yield (STY) than most of the 

reported catalysts (even noble-metal based). More importantly, the TiFe/C catalyst is unique regarding 

its stability, especially challenging at high pressure and temperature.  

Density Functional Theory Calculations 

We investigated the origin of this unprecedented CO selectivity with density functional theory 

(DFT) calculations. Our computational models are based on hydroxylated Ti doped Fe3O4 surfaces with a 

Fe:Ti ratio equivalent to 2:1 (Fe2TiO4). First, we examined if the most favorable facet of a [111] Fe2TiO4 

slab is metal or O terminated. Using the protocol detailed in the SI, we evaluated the relative stabilities 

of the O1, Oct1 and Oct2 terminations of Fe2TiO4 [111] surface models in terms of surface energy (σ) as 

a function of the oxygen partial pressure (Figure 8a). In agreement with earlier reports discussing facet 

terminations at oxygen poor regimes,74,75 terminations Oct1 and Oct2 have comparable stabilities at 

temperatures and oxygen partial pressures relevant to the experimental conditions. Termination O1 is 

less stable than Oct1 and Oct2 by approximately 100 meV/Å2 (Figure 8a). This is also in agreement with 

earlier reports of magnetite surfaces that suggest the higher stability of ferryl (Fe-O) termination 

compared to O-terminated surfaces.76–78 For these reasons, we also considered this facet in further 

studies relative to the surface termination stabilities. A plot of the dependence on T and pO2 of the 

surface stabilizations in the temperature range of 0-600 °C (Figure S28) shows that at every temperature 

Oct1 (¾ ML of Fe/Ti cations) is the most stable termination for the Fe2TiO4 [111] surface.  

Next, we followed indications from earlier studies on pure magnetite surfaces suggesting that 

they are prone to be defective, mostly by metal vacancies.56,79 We checked the thermodynamics of Fe 

and Ti vacancy formation on the Oct1 and O vacancy on O1. All the vacancy formation energies we 

calculated are exothermic (~ -2.5 to -3 eV per unit cell) and tend to stabilize the surface. The most stable 

vacancy is that of an Fe atom on the Oct1 Fe2TiO4 [111] surface. 
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As the approximated structural formula of the TiFe/C catalyst suggests a large presence hydroxyl 

species on the surface of the catalyst, we evaluated how adsorption of a water molecule on these 

surface terminations affects surface stability. We quantified the effect of water adsorption on the 

surface stability as the change in surface Gibbs free energy Δ𝜎𝜎𝑊𝑊�𝑇𝑇,𝑝𝑝𝐻𝐻2𝑂𝑂� as a function of temperature 

and water partial pressure80 (see the SI for a details). One water molecule adsorbed on the simulated 

Oct1 Fe2TiO4 [111] surface stabilizes the surface energy by almost ~0.2 eV/Å2 (Figure 8b). This 

Figure 8. a) PBE + U reported values of surface energies of O1, Oct1, and Oct2 terminations of Fe2TiO4 [111] 
surface at 400, 500 and 600 °C plotted against the chemical potential of oxygen in terms of oxygen partial pressure 
(pO2). b) Change in surface free energies of hydroxylated O1, O vacancy containing O1, Oct1, Fe vacancy containing 
Oct1 and Ti vacancy containing Oct1 terminations of Fe2TiO4 [111] surface plotted against the water chemical 
potential in terms of water partial pressure (pH2O) at  400 °C. c) Free energy profile for the reduction of CO2 on 
hydroxylated Fe vacancy containing Oct1 termination of Fe2TiO4 [111] surface. 
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stabilization is increased to 0.35 eV/Å2 in the case a Fe vacancy is present on the Oct1 Fe2TiO4 [111] 

surface, and the adsorbed water molecule dissociates spontaneously at the Fevac site, forming two OH 

species, with an overall adsorption free energy of -1.11 eV, at 400 °C. Due to its stability, the 

hydroxylated Fevac Oct1 site (Figure S29) was selected as model system to investigate the catalytic 

behavior for the RWGS reaction.  

On this hydroxylated Fevac Oct1 we adsorbed a CO2 molecule, which binds strongly between Ti 

and Fe atoms on the surface, via both O and C in a bent like geometry (inset of Figure 8c) with highly 

exothermic adsorption energy (-1.48 eV). We then constructed a free energy pathway (Figure 8c) for the 

CO2 reduction to uncover the stability of intermediates adsorbed on the active site, leading to high 

selectivity towards CO. We considered the two relevant reduction pathways for the adsorbed CO2 

molecule: i) the formate pathway, leading to products like methanol and higher hydrocarbons and ii) the 

carboxyl pathway leading to reverse water gas shift (RWGS) reaction.81,82 The RWGS pathway can be 

promoted by formation of the COOH* intermediate, or by the direct dissociation of CO2* to CO*. The 

generated COOH* is known to couple with a proton and an electron pair at the active site to obtain CO*. 

Therefore, the stronger the adsorption of COOH*, the easier it is for COOH* to remain on the surface to 

participate in the reaction promoting CO* formation.83 Thermodynamically, formation of COOH* is 

favored relative to the formation of CHOO*, the former step being exothermic by -0.05 eV, the latter 

step being endothermic by 0.54 eV (intermediates In1 and In2 in Figure 8c). C–O dissociation from In2, 

leading to CHO* + O*, is also endothermic, by 0.51 eV, ruling out the formate reaction pathway. Along 

the carboxyl pathway, C–O dissociation from COOH* to CO* and OH* is also exothermic, with an energy 

gain of 0.44 eV. The easiest sequence of steps leading to release of CO and H2O starts with desorption of 

CO, which costs 0.35 eV, followed by dissociative adsorption of a H2 molecule, endothermic by 0.74 eV, 

and the catalytic cycle is closed by formation and release of a water molecule.  

Alternatively, it should be considered that CO2 can also react on this hydroxylated surface via a 

direct dissociation mechanism (CO2 → CO∗ + O∗) (exothermic by ~0.5 eV). Finally, the plot of Figure 8c 

indicates that hydrogenation of CO* by the surface hydroxyls to CHO* + O* is highly unfavorable and 

would rather leave the surface as CO(g). We also checked that an added hydrogen molecule, which is 

spontaneously dissociated as 2H* (endothermic by ~0.3 eV), prefers to form OH* and H* on the surface 

rather than hydrogenating CO* (Figure S30). Having clarified the preferred pathway for CO2* activation, 

which is the accepted rate limiting step on most catalysts, we only completed the CO formation pathway 
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from In1 to the products.84,85 We can therefore say that the DFT predicted pathway for CO2 reduction 

very well coincides with the high CO selectivity observed experimentally. 

In summary, our results demonstrate that the use of a bimetallic MOF as catalyst precursor 

allows the manufacture of mixed oxide materials with stoichiometries not attainable through more 

traditional synthetic methodologies. The heterometallic nodes in the framework are crucial to warrant 

the uniform integration of titanium into the titanomaghemite spinel structure while facilitating the 

stabilization of small and homogenous nanoparticles. The high concentration of surface vacancies in the 

resulting solids promote the direct hydrogenation of CO2 to CO through the formation of a COOH* 

intermediate with unprecedented selectivity. In line with our initial thermodynamic assessment, the 

obtained titanomaghemite with Fe:Ti ratios close to 2 is stable under reaction conditions, with no sign of 

deactivation over several hundred hours on stream. These results highlight the unprecedented potential 

of multimetallic MOFs as precursors for the synthesis of mixed metal oxides not attainable through 

traditional synthetic routes, with obvious implications not only for catalysis but also in other 

technological fields, from semiconductor technology to sensing. 

METHODS 

MUV-101(Fe, Ti) Synthesis: MUV-101(Fe, Ti) was synthesized in a 250 mL Schott glass jar containing 

trimesic acid dissolved in a mixture of anhydrous DMF (120 mL) and glacial acetic acid (70 mL). The 

mixture was thoroughly purged with Ar before the addition of Ti(OiPr)4 and anhydrous FeCl2. The clear 

solution was heated at 120 °C for 48 hours to yield a dark brown microcrystalline solid. The solid was 

separated by centrifugation and thoroughly washed with fresh DMF and methanol. The solid was further 

purified by Soxhlet extraction with hot methanol overnight and allowed to dry at room temperature 

under dynamic vacuum.  

Pyrolysis of MUV-101(Fe, Ti): TiFe/C catalyst was synthesized by pyrolysis of the MUV-101(Fe, Ti) in a 

tubular oven at 600 °C under N2 atmosphere for 8 hours. After cooling down to room temperature, the 

pyrolyzed solids were passivated with a stream of 2% O2 in N2 at room temperature for 4 hours before 

being exposed to the ambient atmosphere.  

The compositional, textural, and structural properties of the MUV-101(Fe, Ti) precursor and TiFe/C 

catalyst were investigated by powder X-ray diffraction, pair distribution function analysis, high-

resolution transmission electron microscopy, electron energy loss spectroscopy, N2 and CO2 

physisorption, and X-ray photoelectron spectroscopy. RWGS reaction was performed over undiluted 
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catalysts using a Flowrence® 16 parallel reactor system. Prior to the reaction, the catalyst was preheated 

in H2 at 350 °C and 1 bar for 5 h. Further details on catalyst preparation, characterization, and tests are 

provided in the Supporting Information. 
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