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Abstract 

CO2 hydrogenation was carried out over Pt-containing UiO-67 Zr-MOFs at T=220-280°C and 

atmospheric pressure, with H2/CO2 ratios in the range 0.2-9 and contact times in the range 0.004-

0.01 gcat×min×ml-1.  

The catalysts were characterized by XRD, N2 adsorption, FESEM, TEM and HRTEM, dissolution-NMR, 

CO chemisorption, IR spectroscopy and TGA. A positive correlation was observed between the 

degree of Pt reduction and CO2 conversion. Contact time variation experiments showed that CO is a 

primary product of reaction, while CH4 is a secondary product, formed via CO. The reaction orders in 

P(H2) and P(CO2) were 0.3 and 0.5, respectively, at 240-260 °C, suggesting high coverage of the Pt 

surface. Testing of catalyst crystals with 0.15 and 2.0 micron crystal size, respectively, revealed no 

influence of diffusion on the reaction rate. Comparison to a conventional Pt/SiO2 catalyst showed 

very similar activation energy, with Ea = 50±3 kJ/mol. However, the turn-over frequency over Pt/SiO2 

was significantly lower, and Pt/SiO2 did not yield methane as product. 

The Pt-containing UiO-67 Zr-MOF catalyst showed stable activity during 60 hours testing. 
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1. Introduction 

CO2 is a key contributor to global warming and ocean acidification, and its recycling to valuable 

products by chemical conversion is an attractive research target. Thermodynamically, CO2 is the most 

stable molecular product of carbon combustion, and its valorization is energy demanding1.  Therefore, 

to activate CO2, a high energy-density carrying agent is required, in the form of photons, electrons or 

chemical energy. H2 has a high gravimetric energy density of 143 MJ/kg, making it a suitable 

candidate for the chemical conversion of CO2
2. Some key reactions for CO2 and H2 conversion are 

given below: 

The reverse water gas shift reaction (RWGS): 

 

CO2 + H2 → CO + H2O   (1) 

∆𝐻𝐻298 K =  41.2 kJ mol−1 

∆𝐺𝐺298 𝐾𝐾 =  28.6 kJ mol−1 

 

Methanol formation:  

 

CO2 + 3H2 → CH3OH + H2O  (2) 

∆𝐻𝐻298 K =  −49.5 kJ mol−1 

∆𝐺𝐺298 𝐾𝐾 =  3.8 kJ mol−1  

 

CO2 methanation: 

 

CO2 + 4H2 → CH4 + 2H2O  (3) 

∆𝐻𝐻298 K =  −252,9 kJ mol−1 

∆𝐺𝐺298 𝐾𝐾 =  −113.5 kJ mol−1  

 

 

The methanation reaction is thermodynamically favored, but a catalyst is needed to overcome the 

kinetic limitations. Ni-containing catalysts are used for the reverse reaction at high temperatures and 

are also active for Reaction (3)3-6. However, deactivation of Ni-based catalysts at low temperatures, 

by formation of mobile nickel subcarbonyls, is a major obstacle. Catalysts containing noble metals 

like Ru, Pd or Pt are more stable under these conditions and are therefore more active for CO2 

methanation3. In the current study, focus is set on Pt-based catalysts.  
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Roman-Martinez et al. studied Pt/C and Pt-M/C (M = Mg, Ca) as CO2 hydrogenation catalysts and 

reported a negative correlation between Pt particle size and turn-over frequency for the RWGS 

reaction (Eq. 1) over Pt/C at 300-400 °C7. Later, Iglesia et al. studied the reverse methanation 

reaction (Eq. 3), i.e.; methane reforming to synthesis gas (CO, CO2 and H2) over supported Pt catalysts 

( γ-Al2O3, ZrO2, ZrO2-CeO2 supports) at 550-800 °C, 0.1-1.0 atm total pressure). They reported that C-

H bond breaking was the rate-determining step of methane reforming, and that the turn-over 

frequency (TOF) of methane activation increased with a decreasing Pt particle size; suggesting that C-

H bond breaking is a structure-sensitive reaction; the low-coordinated sites being more active than 

sites in low-index planes8. Together, these two studies  suggest that stabilisation of small Pt particles 

is an attractive target in the development of catalysts for theCO2 hydrogenation catalysts, aiming at 

syngas or methane production., and led to the selection of a Zr-MOF support in the present study.   

 

Metal Organic Frameworks (MOFs) are a class of crystalline, porous materials in which inorganic 

clusters are connected by organic linker molecules9-10. By adjusting the chemical nature of the 

clusters and the linker molecules, different architectures can be obtained from 2D to 3D porous 

networks, with a wide variety of pore sizes, from the microporous to the mesoporous region9. 

Furthermore, the linkers can be functionalized with different chemical groups, e.g. to enhance gas 

adsorption11-13, or to mimic ligands in organometallic complexes, thereby stabilizing homogeneous 

metal organic complex catalysts in a solid matrix10, 14-15. However, most MOF materials suffer from 

low thermal, chemical and mechanical stability16.  

 

UiO-67 is a microporous MOF belonging to the UiO Zr-MOF series, and is built from Zr6O4(OH)4 

clusters connected by 1,1’-biphenyl-4,4’-dicarboxylic acid (bpdc) linker molecules16. UiO-67 has been 

reported to be kinetically stable up to 450 °C in N2 atmosphere, after which it starts to break down 

due to cleavage of the C-C bond between the phenyl ring and the carboxylic acid group16. The 

material has both octahedral and tetrahedral cavities with sizes of 23 and 11.5 Å, respectively. UiO-

67 has a remarkably high theoretical BET surface area of 2600 m2×g-1. To incorporate metal species 

for catalysis, different functionalized linkers have been introduced into the network of UiO-67 

together with bpdc. A variety of methods have been reported, such as premade linker synthesis 

(PMLS), post-synthetic functionalization (PSF) and one pot synthesis (OPS)10, 14-15. These methods vary 

by the stage at which the metal species is introduced in the framework. OPS is the least sophisticated 

method, in which all precursors are mixed together as non-coordinated, individual components in a 

solvent to synthesize a modified UiO-67 framework. For PMLS, the metal species is first coordinated 

to a functionalized linker molecule and then mixed with the other components during UiO-67 
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synthesis. Finally, PSF involves the grafting of the metal species to a chelating linker after the 

synthesis of UiO-67. 

 

Over the last few years, several studies have explored the UiO-series of Zr-MOFs for catalytic 

applications17. Much due to the high complexity and tunability of MOFs, catalysis may occur at 

various locations, such as at the Zr cluster18-19, metalated linker14, 20 or encapsulated metal particles21-

26.  Here we focus on catalysis over UiO-MOFs containing PtClx entities and Pt nanoparticles (NPs).  

 

To the best of our knowledge, the first study of Pt-containing Zr-MOFs was reported by Guo et al. in 

201423. Pt NPs were formed inside the cavities of UiO-66-NH2 during reduction (10 % H2 in Ar at 

200 °C for 1 hour) of K2PtCl4 impregnated MOF, and tested for liquid phase hydrogenation of 

cinnamaldehyde. After 42 hours of reaction, a conversion of 86 % with 88 % selectivity toward 

cinnamyl alcohol was achieved. When the reaction was performed over UiO-66-NH2 with Pt NPs 

located on the external surface of the MOF, a lower selectivity (72 %) was observed.  

 

In 2015, Choi et al. encapsulated Pt NPs (2.5 nm) inside pristine and functionalized UiO-66 (linkers 

functionalized with –SO3H, -NH3
+, -SO3Na and -NH2), and tested it catalytically for the conversion of 

methylcyclopentane (MCP)24. All the samples tested had their crystallinity, morphology and chemical 

functionalities intact after 8 hours of reaction. The nature and combination of the linker’s functional 

groups was shown to greatly influence the catalytic pathway for MCP conversion, reactivity and 

selectivity.   

 

Very recently, Hester et al. investigated UiO-67-Pt and UiO-67 with encapsulated Pt nanoparticles 

(both produced through the PMLS method) as catalysts for the oxidation of 5-hydromethylfurfural 

(HMF) to 2,5-furandicarboxylic acid (FDCA), and for reduction to 2,5-dimetylfuran25. The catalytic 

reactions were performed at 60 °C in an autoclave reactor with 20 ml aqueous solution of HMF, 

pressurized to 20 bar (G) using O2 and H2 for the oxidation and reduction reaction, respectively. 

Although formation of FDCA was only observed in the presence of UiO-67-PtNP, consumption of 

HMF was also observed over UiO-67 and UiO-67-Pt. Hester et al. argued that the consumption over 

the UiO-67 MOFs without Pt NPs was due to adsorption of HMF on their hydrophobic and porous 

structures. Under reducing conditions, adsorption of HMF by UiO-67 was again observed, however, 

2,5-dimetylfuran was formed over both Pt-containing MOFs. The activity of UiO-67-Pt was suggested 

as due to in situ reduction of Pt since 2,5-dimetylfuran was only observed after about 30 minutes at 

reaction conditions.  
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Zhuang et al. compared the activity of pristine UiO-67 for the CO oxidation with samples 

functionalized with 5-(4’-carboxyphenyl)picolinic acid or 2-aminobiphenyl-4-4’-dicarboxylic acid, all 

containing highly dispersed Pt NPs (PSF-type method)26. Larger Pt NPs was identified for UiO-67-Pt as 

compared to the two functionalized samples (4.5 nm versus 2.5 nm), suggesting that the functional 

group of the organic liker molecule and the pore size of the MOF influences the Pt particle size. The 

highest activity toward CO oxidation was observed for the 5-(4’-carboxyphenyl)picolinic acid 

functionalized sample, followed by pristine UiO-67-Pt, while the 2-aminobiphenyl-4-4’-dicarboxylic 

acid functionalized sample gave lowest activity. Based on DFT calculations, it was argued that the 5-

(4’-carboxyphenyl)picolinic acid functionalized sample was related to generation of a conjugate 

system between the pyridine N atom and the phenyl group, effectively adjusting the electronic 

structure of the MOF.  In combination, the catalytic properties were concluded as dependent on both 

the size of the Pt NPs, and the nature of the support.   

In the present study, UiO-67-Pt was prepared by the PMLS and PSF method and studied as catalyst 

for the CO2 hydrogenation reaction in gas phase. The aim of the study was to elucidate two essential 

features of the catalysts: Their stability during catalytic operation, and the potential influence of the 

MOF lattice on the target reaction.  

 

2. Experimental 

2.1 Material synthesis  

All chemicals were used as received. ZrCl4 (Sigma-Aldrich) must be dry and of high purity for 

successful synthesis. PtCl2(2,2’-bipyridine-5,5’-dicarboxylic acid) was synthesized using a previously 

reported method10. One batch of UiO-67-Pt by PMLS and three batches of UiO-67-Pt by PSF were 

prepared. One of the PSF batches was prepared in small scale, labeled UiO-67-Pt-PSF(M), while two 

were prepared in larger scale (2.5 L starting solution), labeled UiO-67-Pt-PSF(N) and UiO-67-Pt-

PSF(SA). The detailed synthesis procedures are described in the SI.  

In brief, samples of UiO-67-Pt were prepared by heating solutions of ZrCl4, benzoic acid, H2O, H2bpdc, 

and either PtCl2(H2bpydc) (PMLS) or H2bpydc (PSF) in dimethylformamide (DMF) at elevated 

temperatures for several days. The obtained powder (yellow in the PMLS sample, and white in the 

PSF samples) was first washed in hot DMF, and then thoroughly washed in either tetrahydrofuran 

(THF) or acetone, then dried at 150-200 °C.  
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The samples prepared using H2bpydc were functionalized with Pt by submerging the MOF and K2PtCl4 

in DMF and heating the solution overnight at 100 °C. The obtained yellow powder was washed twice 

in DMF (100 °C), then several times in either THF or acetone, and then dried at 150 °C.    

2.2 Material characterization  

Powder x-ray diffraction (XRD) patterns of the MOF samples before and after Pt-functionalization, 

mechanical stress, activation and operation, were obtained using a Bruker D8 Discover 

diffractometer with a Cu Kα source and Lynx Eye silicon detector.  

The specific surface area and pore volume of the samples were determined from N2 adsorption 

isotherms at 77 K, performed with a BELSORP mini-II instrument. Prior to the measurement, the 

samples were heated at 80 °C for 1 hour and at 150 °C for 2 hours under vacuum.  

A Hitachi SU8230 field emission scanning electron microscope (FESEM) with an XFlash 6|10 energy-

dispersive X-ray (EDX) detector was utilized to assess the microstructure and the Pt/Zr ratio of the 

catalysts.  

CO chemisorption measurements were performed using a pulse method 27-28. Prior to the 

measurements, the samples were heated to 350 °C in a flow of 10 % H2 in Ar (50 ml×min-1), followed 

by a 2 hour isotherm where the last hour was in a flow of Ar. The samples were subsequently cooled 

rapidly to room temperature in flow of Ar. Several CO pulses were introduced to a stream of Ar 

flowing through a reactor containing sample at room temperature and atmospheric pressure. The 

amount CO leaving the reactor was determined using a mass spectrometer (MS) (Pfeiffer Vacuum 

Omnistar QM200). Pulsing was continued until saturation. The MS response at saturation was used 

for calibration.  

FT-IR spectra were collected on a Bruker Vertex80 instrument equipped with a MCT detector. Prior to 

the measurements, the samples were pressed into pellets without any dilution and heated to 150°C 

under vacuum. 50 mbar of H2 was then dosed to the pellets, in order to remove the oxide layer 

present on the surface of the Pt nanoparticles of the catalysts. 40 mbar CO was dosed at room 

temperature as a probe to investigate the metal nanoparticles present on the catalysts; 32 spectra 

with a resolution of 2 cm−1 were averaged for each single acquisition during CO desorption under 

dynamic vacuum. Solution state nuclear magnetic resonance (NMR) was utilized to estimate the 

amount of bipyridine linkers in the MOF samples. NMR samples were prepared by dissolving 20 mg 

MOF in 1 ml 1 M solution of NaOH in D2O and leaving the mixture overnight to separate the solid 

inorganic phase from the aqueous solution by decantation. A 1H-NMR spectrum was acquired from 

0.6 ml of the remaining solution.  
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Thermogravimetric Analysis – Differential Scanning Calorimetry (TGA-DSC) was used to elucidate the 

stability of different MOF samples. The samples were heated from 20 °C to 900 °C at a rate of 

5 °C×min-1 under a flow of synthetic air (20 ml×min-1 N2 and 5 ml×min-1 O2).  

Transmission electron microscopy (TEM) and high resolution (HR) TEM image were obtained by a Jeol 

3010-UHR microscope operating at 300 kV equipped with a LaB6 filament and with an Oxford Inca 

Energy TEM 300 EDS X-rays analyser by Oxford Link. Digital micrographs were acquired by an 

Ultrascan 1000 camera and processed by Gatan digital micrograph. Before the experiments, the 

samples, in the form of powders, were milled in an agate mortar and deposited on a copper grid 

covered with a lacey carbon film.  

Histograms of the particle size distribution were obtained by considering 1545 nanoparticles, and the 

mean particle diameter (dm) was calculated as dm = Σdini/Σni, where ni was the number of particles of 

diameter di. The counting was carried out on electron micrographs obtained starting from 150,000× 

instrumental magnification, where Pt particles well contrasted with respect to the UiO-67 framework 

were clearly detected.  

2.3 Catalyst testing  

Catalytic testing was performed in a fixed bed flow setup with a straight quartz tubular reactor (6 

mm inner diameter), operated at atmospheric pressure. Dependent on the experimental aim, 0.1-0.2 

g catalyst (177-250 μm or 250-425 μm mesh) was loaded in the reactor and activated at 350 °C (1 

hour following ramp from room temperature) in a flow of 0, 3, or 10 % H2 in Ar (50 ml×min-1). 

Subsequently, the catalyst was cooled in inert (50 ml×min-1) to 240 °C then brought to steady-state 

performance at a H2/CO2 ratio of 6 and contact time (τ) of 0.01 gcat×min×ml-1, for at least 6 hours 

before changing any parameters of operation. The respective steady-state conditions will be referred 

to as the reference conditions.  

The influence of pCO2 (0.08-0.40 bar), pH2 (0.02-0.9 bar), T (220-280 °C) and τ (0.004-0.01 

gcat×min×mL-1), on the catalytic activity was investigated by operating the catalyst at a given set of 

parameters in segments of 2 hours. After a series of 3-5 segments of variable conditions, a segment 

at the reference conditions were included. In this manner, any changes in the activity with time on 

stream (TOS) could be monitored. Qualitative analysis of the effluent gas was performed during 

catalyst activation using a quadrupole mass spectrometer (Pfeiffer Vacuum Omnistar QM200). 

Furthermore, the volumetric concentrations of products and reactants were quantified using a 2-

channel micro-gas chromatograph (μGC 3000A, Agilent), equipped with a molecular sieve column 

with Ar as carrier gas and TCD detector, and a Plot U column with He as carrier gas and TCD detector. 
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3. Results and discussion 

3.1 Catalyst characterization 

Characterization data for fresh, pressed and sieved, pre-activated and tested catalysts are 

summarized in Table 1. More detailed analysis, considering XRD patterns, FESEM images, TEM and 

HRTEM images, and TG curves, are illustrated by the corresponding figures and graphs in Section 3.3   

As a general comment to the data in Table 1, all materials had initial specific surface areas close to 

the theoretical value of 2800 m2×g-1 for UiO-6712. Furthermore, as will be seen in Section 3.3, all 

samples were well-crystalline and contained only one crystalline phase. The crystal size and bipy 

content of all PMLS and PSF samples were similar, except for the crystal size of the UiO-67-Pt-PSF(SA) 

sample, which was an order of magnitude smaller than that of the other UiO-67-Pt-PSF and UiO-67-

Pt-(PMLS) samples. The Pt/Zr of UiO-67-PSF(SA) sample was somewhat lower than that of UiO-67-

PSF(N), resulting in an estimated Pt content of 1.2 and 1.5 wt%, for the two samples, respectively. 

The Pt content was derived from the Pt/Zr ratios and amount of defects estimated by TG of the 

supports (Figure S8 and S9)29-30. The Pt dispersion of the samples after activation in 10 % H2 at 350 °C 

was low (5-10 %), suggesting either large Pt particle sizes or that a fraction of the Pt content is 

inaccessible for adsorption, e.g. due to incomplete reduction. By following the procedure described 

in Ref. 31, the theoretical dispersion of the Pt NPs of UiO-67-Pt can be estimated to 14 %, assuming 

complete reduction and spherical shaped NPs (d = 2.6 nm (Section 3.3.2)). However, as seen in 

Section 3.2.1 Figure 1, barely 40 % of the Pt is in the form of NPs after the reduction; when the 

incomplete reduction of Pt is considered, the Pt dispersion of the UiO-67-Pt samples increases to 

about 13 %, and is in good agreement with the theoretical value. For the Pt/SiO2 sample, the average 

Pt NP size can be estimated from the 10 % dispersion to about 4 nm in diameter. This means that the 

samples were well suited for comparisons of catalytic performance and lattice stability. 
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3.2 Catalyst testing 

3.2.1 Influence of activation atmosphere on catalyst activity 

Recently, our team reported an in situ XAS study of the oxidation state and coordination of Pt in the 

UiO-67-Pt-PSF(M) sample studied here, during activation at 350 °C in pure He and in 10 % H2/He, 

respectively (Figure 1)32. The XAS data revealed that Pt-Pt bonds, indicating Pt metal cluster 

formation, were only formed in the H2-containing feed. The fraction of Pt being associated to another 

Pt atom was around 40 %, and was approaching an asymptotic limit after 3 hours activation at 350 °C 

in 10 % H2/He. Under pure He feed, the fraction of Pt atoms coordinated to Cl and N decreased 

during heating, starting at 280 °C. At 350 °C, only 60 % of Pt remained in the original (bipy)-PtCl2 

coordination. However, no Pt-Pt bond formation was observed, even after continued heating to 480 

°C 32.  

Table 1. Sample characterization.  

Sample Sg 

 (m2×g-1) 

Vm  

(cm3×g-1) 

Crystal size 

(μm) 

Bipyridine 

loading  

(%) 

Pt/Zr 

ratio 

(%) 

Pt 

dispersion 

(%) 

UiO-67-Pt-PMLS 2442 0.96 2.5    

UiO-67-bipy(M) 2683 1.03 2.5 5.5   

UiO-67-Pt-PSF(M) 2633 1.05 2.6 4.2   

UiO-67-bipy(N) 2460 1.00 2 4.5   

UiO-67-Pt-PSF(N) 2392 0.97 2  2.6±0.3 5 

UiO-67-Pt-PSF(N), 

pellets 

2305 0.94 2    

UiO-67-Pt–PSF(N), 

tested for 52 hours  

2343 1.01 2   8 

UiO-67-Pt-PSF(SA) 1882 1.24 0.15 4 1.8±0.1 5 

5 % Pt/SiO2 (EscatTM 

2351, abcr)* 

400     10 

*) Pt content and specific surface area values obtained from provider. 
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Recently, the Fourier transform of EXAFS data for the same material was monitored after activation 

in 10 % H2/He at 350°C (green), further cooling to 250°C in He (lilac) and subsequently 1.30 hours in 

flow of CO2 and H2 (Figure 1a). The three spectra look very similar; there is a difference in intensity in 

the 2-3 Å range between the spectra obtained at different temperature, however, the difference is 

due to the Debye Waller factor effect. To confirm this, a comparison was made of the XANES spectra, 

which are not influenced by the temperature, after the end of the temperature ramp and after 

interaction with CO2/H2, respectively. The two spectra are precisely overlapped, suggesting that the 

CO2/H2 feed did not induce significant changes to the material under the relatively short interaction 

period of this experiment.  

 

Figure 1. Part (a): Evolution of the Pt L3-edge XANES spectra during in situ H2-temperature programmed 

reduction experiment of UiO-67-Pt-PSF(M) performed in concentrated H2 flow (10% H2 in He) in the 

temperature range of 30-350 °C, followed by cooling in He to 250°C and catalytic testing in H2/CO2/He = 6:1:3 

flow at 250°C. The XANES spectrum collected at 250°C after 1.30 hours of CO2/H2 feed is reported in dashed 

purple line. Part (b): as part (a) for the k3-weighted, phase uncorrected, FT of the corresponding EXAFS data. 

Also highlighted with blue, green and orange dashed lines are the typical positions of the Pt−N, Pt−Cl and Pt−Pt 
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contributions, respectively. Part (c): k3 -weighted, phase uncorrected, FT of the sample activated at 350°C 

(green), cooled down to 250°C in He (lilac) and treated in CO2 and H2 at 250°C (purple). Part (d), empty black, 

green and blue symbols, left ordinate axis: fraction of the different Pt phases present in the sample, estimated 

from the NPt−N, NPt−Cl and NPt−Pt coordination numbers obtained from the parametric refinement of the whole 

set of EXAFS data. In the right ordinate axis is reported the evolution of the sample temperature with time, 

highlighting the linear increase up to 350°C in 65 min followed by a 2 h 55 min isotherm, and finally 1.30 hours 

under reaction conditions at 250 °C. Data obtained during pretreatment are reproduced from32. Data obtained 

under CO2 hydrogenation conditions are new.   

In this study, the conversion and product distribution of a H2/CO2/Ar = 6:1:3 feed over UiO-67-Pt-

PSF(M) at T = 240 °C and WHSV = 1.10 gco2×gcat
-1×h-1 was measured directly after activation in flows of 

0, 3 and 10 % H2/Ar for 1 hour at 350 °C in the home lab, to correctly reproduce the test conditions 

used during XAS measurements at the synchrotron. The results are shown in Figure 2. Activation 

performed in 0 % H2 led to an initial conversion around 1.5 % which increased gradually to 3 % during 

the following 8 hours on stream.  When the H2 content was increased to 3 % during activation, a 

significantly higher initial conversion (5.5 %) was achieved, however only slight increase with TOS was 

observed. For the sample activated in 10 % H2, the initial conversion was further increased as 

compared to the 0 and 3 % activated samples. It stabilized around 7.5 % and was nearly constant 

throughout the test. The pronounced dependence of the activity on the pre-activation atmosphere 

strongly indicates that the active component of UiO-67-Pt for CO2 hydrogenation is the Pt NPs 

formed during activation in reducing atmosphere. The correlation between Pt metal particle 

formation and catalytic activity for CO2 reduction is in agreement with recent literature, which 

demonstrated a substantial activity difference between supported, individual Pt atoms and Pt metal 

clusters, respectively, for CO oxidation to CO2 with either O2 or H2O as the oxidizing agent33. The 

observed increase in CO2 conversion with time on stream, being strongest for the 0 % H2/Ar sample, 

strongly suggests that migration of Pt entities to form Pt-Pt bonds continues under test conditions. 

In the 0 % H2 activated sample, CO was initially the only product formed. However, after 2 hours on 

stream, the selectivity towards CH4 increased to around 2 %.  The scattering observed in the 

selectivity data is presumably due to a CH4 concentration close to the detection limit, resulting in a 

high uncertainty.  Activation in 3 % and 10 % H2 led to a slightly lower CO selectivity (97 %) and a 

correspondingly higher selectivity towards CH4 (3 %), as compared to the inert activated sample.. A 

slight increase in CO selectivity was observed with increasing time on stream, which may suggest that 

the reaction atmosphere influences the structure of the Pt NPs (vide infra)7. Conversion and 

selectivity data for the reference catalyst Pt/SiO2 is also shown in Figure 2. Similar conversion was 

obtained over this catalyst as over UiO-67-Pt-PSF(M), in spite of higher Pt content and dispersion 
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(Table 1). In contrast to the UiO-67-Pt samples, CO was the only product was observed for the CO2 

hydrogenation reaction over Pt/SiO2. The high CO selectivity of the reaction over Pt/SiO2 is mainly 

attributed to a significant destabilization of CO adsorbed on the interface between the support and 

the Pt NPs through interactions with OH-groups on the support34. Thus, the shifted product 

selectivity of the UiO-67-Pt samples toward CH4 formation hints to a strong metal-support interaction 

in the Zr-MOF supported catalyst. Previous literature emphasizes the role of the support (Al2O3, CeO2 

and TiO2) and Pt-support interface as CO2 activation site34-37.  
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Figure 2. Left: conversion (%) versus time on stream (h) observed for UiO-67-Pt-PSF(M) under reference 

conditions after pre-activation at 350 °C (1 hour) in flow of Ar with 0, 3 and 10 % H2 (50 ml× min-1 total flow). 

The respective CO and CH4 selectivities are shown in the figure to the right. The conversion and CO selectivity 

observed for Pt/SiO2 is marked with green tilted triangles.   

 

To further investigate the differences between UiO-67-Pt-PSF(N) and Pt/SiO2, FT-IR measurements 

were performed. Carbon monoxide is well known for its strong interaction with d-orbitals of 

transition metals and its IR spectral features are strongly influenced by the surroundings of its 

chemisorption sites. For this reason, CO has been extensively employed for the study of metals 

surfaces (either in the bulk or in the nanoparticle forms) 38-43. IR spectra of chemisorbed CO on three 

samples (Pt/SiO2 reference, UiO-67-Pt-PSF(N) as activated and after the reaction) are shown in Figure 

3. The details for spectra deconvolution are available in the supporting information in Figures S5, S6 

and S7 and in Tables S2, S3 and S4.   
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Figure 3. Left: FT-IR spectra of CO adsorbed on Pt nanoparticles supported on SiO2 (x2, a) and on UiO-67-Pt(N) 

after pre-activation in 10 % H2 (b) and after testing for the CO2 hydrogenation reaction under 10-20 ml×min-1 

flow of H2/CO2/Ar = 6:1:3 at temperatures in range 220-280 °C for 52 hours (c). The spectra are focused on the 

spectral region of CO vibrational modes and are shown after subtraction of the spectrum of the samples prior 

to CO adsorption. Right: Test results obtained for the sample shown in FT-IR spectra (c): conversion and CO 

selectivity is plotted versus time on stream.  

All the samples show the typical spectral features of CO linearly adsorbed on one single Pt atom 

between 2100 and 1950 cm−1 and CO adsorbed on two adjacent Pt atoms (bridged) between 1900 

and 1750 cm−1 44-48. In the former region it is possible to distinguish two signals: i) the feature 

centered around 2050 cm−1, ascribable to carbon monoxide linearly adsorbed on the edges of 

crystalline plains 44-45, 48; ii) the peak at 2020-2030 cm−1, related to carbon monoxide linearly adsorbed 

on the kink positions of Pt nanoparticles 45-46, 48. The position of the peak in the latter region is typical 

for CO bridged between two atoms at the edges of the particle. For both samples, the features 

related to CO linearly adsorbed on crystalline faces of the nanoparticles in the region 2100-2070 cm−1 

are absent 44-46. We could relate this information with the extremely small dimensions of the particles 

in both the systems, for which is not possible describe a crystalline structure, as evidenced by XRD 

and TEM data (Section 3.3.2). 

For the MOF catalyst two other additional signals are present: the first one is a small feature around 

2120-2110 cm−1, belonging to CO adsorbed on isolated Pt atoms 10, 49-51; this kind of sites are due to 

the not complete aggregation of Pt into the nanoparticles during the activation procedure, which 

remains in the atomic form coordinated by N atoms of bipy ligands10, in agreement with the XAFS 
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data in Figure 1. The second signal is a sharp feature centered at 1720 cm−1, ascribable to CO 

adsorbed on Pt atoms in close vicinity to the support, and in particular to the aromatic rings of the 

ligands of UiO-67 45. 

Test results obtained during 52 hours on stream for the UiO-67-Pt-PSF(N) sample are shown in Figure 

3, right. An increasing CO2 conversion as well as CO selectivity was observed with time on stream. 

The increased conversion is consistent with the observed increase in Pt dispersion after testing (Table 

1), and suggests that Pt is further reduced under test conditions. Considering the IR spectra, it is 

difficult to find clear differences in the active phase UiO-67-Pt-(N) after pre-activation, and after long-

term operation under reaction conditions, which can justify the changes observed in activity and 

selectivity during time on stream. One possibility could be a different degree of desorption of CO: it is 

noticeable that, in the sample after H2 activation, carbon monoxide is adsorbed more strongly, as 

suggested by a smaller difference in the total area between first and last desorption step, compared 

to the sample after performing the reaction (Table S3 and S4). This fact could improve the turnover 

of CO adsorbed on the catalyst surface leading to an increase in activity.  

 

3.2.2 Kinetic investigation 

Crystal size variation 

A major concern with micro- and nano-porous catalysts is the possible influence of diffusion 

restrictions. To ensure, first, that the test rig was operated under reaction limited conditions, the 

catalytic activity towards the hydrogenation of CO2 was measured at various reactor loadings. The 

results are presented in Supporting Information, Figure S4, and show that the observed CO2 

conversion rates were not influenced by external or inter-crystalline diffusion. To investigate the 

influence of intra-crystalline diffusion, two batches of UiO-67-Pt catalyst with different crystal size 

(UiO-67-Pt-PSF(N) and UiO-67-Pt-PSF(SA)) were prepared and compared. The first batch (UiO-67-Pt-

PSF(SA)) had an average crystal size of 150 nm, whereas the second batch (UiO-67-Pt-PSF(N)) had an 

average crystal size of 2 μm (Table 1). Testing of the samples under standard conditions showed that 

the smaller crystals were less active than the larger crystals (Figure S1). This difference correlates 

very well with the lower Pt content and similar dispersion of the (SA) as compared to the (N) sample 

(Table 1). More importantly, the catalysts were subjected to temperature variation tests, in order to 

compare their apparent activation energy for the title reaction. An ln(rate) versus 1/T plot comprising 

both catalysts is shown Figure 4. The apparent activation energy is very similar for the two catalysts 
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in the full temperature range, clearly suggesting that the observed reaction rates are limited by 

reaction kinetics, and not by intra-crystalline diffusion.  
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Figure 4. Arrhenius type plot of the rate of CO2 conversion in the temperature range 220-280°C, at pCO2 =0.1 

bar, pH2 = 0.6 bar, τ = 0.01 gcat×min×ml-1.  Test series of UiO-67-Pt-PSF(N) are marked with squares, triangles 

and diamonds. The test of the small crystallite UiO-67-Pt-PSF(SA) sample is marked by circles, and the test of 

Pt/SiO2 is marked by filled squares.  

 

Contact time variation 

To elucidate whether CO and CH4 were formed sequentially or in parallel, the catalyst was subjected 

to contact time variation experiments in the temperature range 220-280 °C. The yield of CO and CH4 

is plotted as function of conversion in Figure 5. The selectivity to CO is high (>95 %) under all tested 

conditions, leading to a linear CO yield versus conversion plot which crosses the origin. The CH4 yield, 

on the other hand, is low and crosses the abscissa at conversions higher than zero at all 

temperatures. This result shows that CH4 is a secondary product formed from CO, suggesting a 

reverse-water-gas shift (RWGS) reaction followed by CO methanation pathway 34. It is interesting to 

note that the CH4 yield versus conversion plot crosses the abscissa at higher values with increasing 

temperature; thereby suggesting that the relative rates of the CO-forming and CO-consuming 



 
 

16 
 

reactions is shifted towards CH4 formation at lower temperatures. This shift is not induced by 

thermodynamics; methane formation is strongly favored in the full temperature range, and the 

conversion level of the RWGS reaction (1) is further from equilibrium at the lower temperatures.  
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Figure 5. The yield (%) of CO (left axis) and CH4 (right axis) versus conversion (%) obtained over UiO-67-Pt-PSF(N) 

under flow of H2/CO2 = 6 and τ = 0.004-0.01 gcat×min×ml-1, in the temperature range 220-280°C.  

Having established that the RWGS reaction is the first step in CO2 hydrogenation under the 

conditions studied here, it follows that CO2 is initially consumed through a single reaction; a fact that 

simplifies the following kinetic analysis.  

 

Partial pressure variation 

The effect of CO2 partial pressure on the rates of CO and CH4 formation at 240 and 260°C is 

presented in Figure 6. Constant reaction orders with respect to pCO2 are observed in the entire 

pressure range (pCO2 = 0.07-0.4) at each temperatures. The reaction orders of CO formation are 0.45 

and 0.5 at 240 and 260°C, respectively; which is slightly lower than the order in CO2 for the reaction 

over Pt/TiO2 (0.79 at 350 °C and 3.4 atm) 37, and in good agreement with Pt-Ca/C (0.45 at 220 °C and 

1 atm)52. In oxygen deficient supports, such as Al2O3, CeO2 and TiO2,  CO2 is adsorbed on either the 

support 36 or at the interface between Pt and the support, facilitated in both mechanisms by an 

oxygen vacancy 34-35 Similarly, on hydroxylated support surfaces (e.g. SiO2), CO2 binds at the interface 
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between Pt and the support, stabilized by OH-groups 34. In Pt-Ca/C, the activity—and presumably 

also the mechanism of reaction—is influenced by Pt-Ca and Ca-CO2 interactions7. As highly similar 

orders in CO2 for UiO-67-Pt-PSF(N) and Pt-Ca/C are observed, it may suggest that the interaction 

between the CO2 and the catalyst are of similar nature.  
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Figure 6. The pCO2 dependence of the CO rate of formation over UiO-67-Pt-PSF(SA) at 240 °C (open) and 260 °C 

(filled). pH2 = 0.6 bar and τ = 0.01 gcat×min×ml-1.  

The effect of H2 partial pressure on the rate of CO and CH4 formation at 240 and 260°C is presented 

in Figure 7. At both temperatures, the reaction order of CO formation with respect to pH2 is 0.3, 

which is good agreement with 0.25 reported for Pt/TiO2 (at 350 °C and 3.4 atm)37 and slightly lower 

than the reported order of 0.46 over Pt-Ca/C 52. The marginal influence of pH2 on the rate of CO 

formation suggests that the catalyst surface is largely covered by hydrogen, readily available for 

reaction even at low partial pressure.   
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Figure 7. The pH2 dependence of the CO rate of formation over UiO-67-Pt-PSF(N) at 240 °C (open) and 260 °C 

(filled). pCO2 = 0.1 bar and τ = 0.01 gcat×min×ml-1.  

 

Apparent activation energy 

The apparent activation energy (Eapp) of CO2 conversion was elucidated by performing experiments in 

the temperature range 220-280 °C at constant pCO2 (0.1 bar), pH2 (0.6 bar) and τ (0.01 gcat×min×ml-1). 

The results are presented as an Arrhenius type plot in Figure 4. The Eapp of CO2 conversion over all the 

UiO-67-Pt samples, and the Pt/SiO2 sample, is calculated to 49-50 kJmol-1 (Table 2), suggesting that 

the rate determining step of co2 hydrogenation is the same for all the materials. The lower activity of 

the Pt/SiO2 material could be related to lower coverage of reactants or to the larger Pt particles. 

Considering the difference in CH4 selectivity over the two materials, the IR measurements suggests 

that CO is more readily desorbed from the Pt/SiO2 material, in agreement with the higher abundance 

of OH-groups present on the SiO2 surface34. Such reasoning could also be applied to the negative 

effect of time on stream and reaction temperature on CH4 selectivity over the UiO-67-Pt-PSF material: 

CO was more easily desorbed from the used catalyst (Figure 3), and a lower CO coverage is expected 

at higher temperature due to entropy effects. However, the results of this study do not preclude a 

more direct involvement of the UiO-67-bipy framework in the CO2 hydrogenation reaction.   
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Table 2. Apparent activation energies of CO2 conversion over various samples of UiO-67-Pt-PSF 

and Pt/SiO2, estimated from the Arrhenius plot in Fig. 4.  

Sample Eapp (kJ×mol-1) 

UiO-67-Pt-PSF(SA) - 0.14 g, 15 ml×min-1, 250-425 μm 50 (±1.1) 

UiO-67-Pt-PSF(N) – 0.1 g, 10 ml×min-1, 250-425 μm 50 (±1.5) 

UiO-67-Pt-PSF(N) – 0.1 g, 10 ml×min-1, 177-250 μm 50 (±1.3) 

UiO-67-Pt-PSF(N) –  0.1 g, 10 ml×min-1, 250-425 μm 50 (±1.1) 

Pt/SiO2 – 0.1 g,  ∼10 ml×min-1, H2/CO2 ∼ 8.5, 250-400 μm 49 (±2.6) 

 

3.3 Catalyst stability 

3.3.1 The UiO-67-Pt-PSF(N) sample 

Figure 8 shows XRD patterns and N2 adsorption isotherms the UiO-67-Pt-PSF(N) sample before (A) 

and after (B) pressing at 0.5 tons, and after pre-activation followed by testing for 52 hours (C). XRD 

patterns and N2 adsorption isotherms of UiO-67-bipy(N) are included for comparison (D). The XRD 

pattern is fully consistent with the UiO-67 structure. No apparent change in the microcrystalline 

structure is identified from the XRD patterns after various treatments, suggesting that the lattice of 

UiO-67-Pt-PSF(N) is stable under the respective conditions. In agreement with the XRD results, only 

minor differences are observed in the N2 adsorption isotherms of UiO-67-bipy(N) and UiO-67-Pt-

PSF(N) after pressing pre-activation and testing (Table 1, Figure 8). The lattice stability under reaction 

conditions is particularly noteworthy, since water is formed in the reaction and UiO-67 has previously 

been shown to have limited steam stability at room temperature 12. The reason for the higher 

stability under reaction conditions could be the lower affinity for water at the reaction temperature 

(250 °C). Literature studies show that, starting at 250 °C, the Zr6O6 cluster is reversibly dehydrated by 

the removal of two H2O molecules 16. 

 



 
 

20 
 

 

Figure 8. XRD patterns and N2 adsorption isotherms of UiO-67-Pt-PSF(N) in the form of powder (A), pellets (B, 

pressed at 0.5 tons) and after pre-activation in 10 % H2 followed by testing for the CO2 hydrogenation reaction 

under 10-20 ml×min-1 flow of H2/CO2/Ar = 6:1:3 at temperatures in range 220-280 °C for 52 hours (C). UiO-67-

bipy(N) (D). 

 

Thermogravimetric (TG) measurements obtained during heating of UiO-67, UiO-67-bipy and UiO-67-

Pt-PSF(N) are shown in Figure 9. Similar temperature behavior was observed for the UiO-67 and UiO-

67-bipy samples, suggesting that the introduction of 5% bipy linker in the lattice had minor influence 
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on lattice stability. However, the Pt-containing samples degraded at a lower temperature than the 

other two samples. This difference probably results from slight changes introduced in the lattice with 

the grafting of PtCl2 to the bipy linker, which are likely to induce mechanical stress 53. Pt may also 

possibly play a more active role as a catalyst of lattice degradation. No significant change in 

decomposition temperature was observed for the UiO-67-Pt-PSF(N) sample after pre-activation in 10 % 

H2 followed by testing for the CO2 hydrogenation reaction under 10-20 ml×min-1 flow of H2/CO2/Ar = 

6:1:3 at temperatures in range 220-280 °C for 52 hours. Thus, Pt-containing UiO-67 exhibits a 

remarkable thermal stability in oxidizing conditions even after thermal treatment at 350 °C in 

reducing conditions, and long term testing for the title reaction at temperatures as high as 280 °C. 
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Figure 9.  TG curves (solid lines) and differential thermal analysis (DTA) curves (dashed lines) of UiO-67 (black), 

UiO-67-bipy(N) (blue) and UiO-67-Pt-PSF(N) before (red) and after (green) pre-activation in 10 % H2 followed by 

testing for the CO2 hydrogenation reaction under 10-20 ml×min-1 flow of H2/CO2/Ar = 6:1:3 at temperatures in 

range 220-280 °C for 52 hours. The samples were heated from 20 °C to 900 °C at 5 °C×min-1 under flow of 

synthetic air (20 ml×min-1 N2 and 5 ml×min-1 O2).  
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FESEM images of the UiO-67-Pt-PSF(N) sample are shown in Figure 10, after drying in air at 150 °C (A), 

pressing at 0.5 tons (B) and after pre-activation in 10 % H2/Ar at 350 °C for 1 hour followed by testing 

for the CO2 hydrogenation reaction at 220-280 °C for 52 hours (C). As a first note, the crystal 

morphology was maintained during testing, including pressing and sieving prior to testing (See 

Section 2.3). Furthermore, the surface topology was intact after pressing; however, some lines were 

observed on the crystal surfaces after testing. They could represent scratches from the pressing and 

sieving treatment, or have been formed during testing. Finally, no Pt particle formation was observed 

on the outer crystal surface after 52 hours testing, thereby suggesting that the Pt nanoparticles 

which were formed during the pre-activation step (vide ultra) were stabilized inside the crystal lattice. 

In conclusion, the UiO-67-Pt-PSF(N) sample showed excellent stability under the test conditions used 

in this study.  
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Figure 10. FESEM images of UiO-67-Pt-PSF(N) powder (A), pellets pressed at 0.5 tons (B), and after pre-

activation in 10 % H2 followed by testing for the CO2 hydrogenation reaction under 10-20 ml×min-1 flow of 

H2/CO2/Ar = 6:1:3 at temperatures in range 220-280 °C for 52 hours (C). Instrumental magnification: 15000×  

(left column) and 130000× (right column).  
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3.3.2 The UiO-67-Pt-PMLS sample 

Detailed characterization was also performed for a sample prepared by the PMLS method. In order to 

follow the lattice stability before and after pre-activation and testing by FESEM, it was decided to test 

it without pressing and sieving it to a given particle size, to avoid mechanical damage of the crystal 

surface. This means that the flow conditions during catalytic testing were not optimal, and for that 

reason, the catalytic test data are not reported here. However, UiO-67-Pt-PMLS catalyst performed 

very similarly to the UiO-67-Pt-PSF(M) catalyst, reported in Section 3.2.1 and S3, with respect to 

activity, selectivity and stability.  

X-ray diffractograms of the UiO-67-Pt-PMLS sample after pre-activation and after testing for 16 hours 

are shown in Figure 11. The diffractograms clearly indicate that the UiO-67-Pt-PMLS lattice is stable 

under reducing as well as reaction conditions.  

 

Figure 11. XRD patterns of UiO-67-Pt-PMLS after activation in 10 % H2 (A) and operation under flow of 

H2/CO2/Ar = 3:1:6 at 250 °C for 16 hours (B).  

TEM images of the UiO-67-Pt-PMLS sample after pre-activation at 350 °C in 10 % H2/He flow are 

shown in Figure 12. The crystallinity of the UiO-67 framework was pointed out by the appearance of 

diffraction fringes with spacing of 14 Å (the same spacing as that related to the main diffraction peak 

in the XRD pattern of the UiO-67-Pt-PMLS sample (Figure 5)) observed at low magnification (A). At 

the same time, roundish Pt nanoparticles, well contrasted with respect to UiO-67, were clearly 

detected. Moreover, the analysis at higher magnification (B) put in evidence the presence of 
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crystalline Pt nanoparticles (signalled by blue circles in the figure) with d spacing of 2.25 Å related to 

the 1 1 1 face of the cubic phase (JCPDS File number 00-001-1194). 

The Pt particle size distribution is shown in Figure 3C. Highly dispersed Pt nanoparticles, with average 

size of 2.6 ± 0.8 nm, were observed. The particle size distribution is quite narrow and a large fraction 

(> 50 %) of counted nanoparticles has size 2.5 nm; strikingly close to the size of the octahedral 

cavities in the UiO-67 structure (2.3 nm). Despite the high dispersion, these nanoparticles did not 

coalesce after prolonged time under the electron beam, meaning that they are stabilised within the 

UiO MOF framework.  

 

Figure 12. Low magnification (A) and high magnification (B) TEM images of UiO-67-Pt-PMLS after pre-activation 

at 350 °C in 10 % H2/He flow. Pt particle size distribution (C). Instrumental magnification: 150000× (A) and 

600000× (B).  

 

FESEM images of the UiO-67-Pt-PMLS sample are shown in Figure 13, after pre-activation in 10 % 

H2/He at 350 °C for 1 hour (A1,A2), and after testing for the CO2 hydrogenation reaction at 250 °C for 

16 hours (B) and 60 hours (C). As a first note, comparison between Figure 13 A1) and C) suggests that 

the crystal morphology was maintained during pre-activation and testing. Furthermore, the surface 

topology seemed intact after pre-activation and testing for 16 hours. A slight roughening of the 

crystal surfaces could be suggested from the lower resolution FESEM image of the sample tested for 

60 hours, but a close-up image revealed no damage of the surface. Finally, no Pt particle formation 

was observed on the outer crystal surface after any of the treatments, thereby suggesting that the Pt 

nanoparticles which were formed during the pre-activation step (Figure 12) were stabilized inside the 

crystal lattice, in agreement with the TEM findings. In conclusion, the PMLS synthesis procedure 

yielded a material with excellent stability under CO2 hydrogenation conditions, in line with the PSF 

method.  
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Figure 13. FESEM images of UiO-67-Pt-PMLS after activation in 10 % H2 (A1, A2) and operation under flow of 

H2/CO2/Ar = 3:1:6 at 250 °C for 16 hours (B) and for 60 hours (C). Instrumental magnification: 15000× (A1,C) 

and 130000× (A2,B). 

 

Conclusion 

In this work, Pt was introduced to the UiO-67 Zr-MOF framework by grafting it to a bipyridine-based 

linker, which constituted 5 % of the framework linkers. Pt nanocrystals were obtained by pre-

activation in flowing H2/Ar at 350 °C. Thorough characterization of as-made, pre-activated and tested 

material (T=220-280 °C and atmospheric pressure, with H2/CO2 ratios in the range 0.2-9 and contact 

times in the range 0.004-0.01 gcat×min×ml-1 for up to 60 hours) showed that the UiO-67 Zr-MOF 

framework was stable during all treatments.  

Catalytic testing for the CO2 hydrogenation reaction showed that CO2 conversion is positively 

correlated with the degree of Pt reduction, in accordance with recent literature. CO selectivity above 

90 % was obtained under all tested conditions, contact time variation experiments showed that CO is 

a primary product of reaction, while CH4 is a secondary product, formed via CO. A low reaction order 
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in P(H2) was observed, suggesting high coverage of the Pt surface, whereas the reaction order in 

P(CO2) was. Testing of catalyst crystals with 0.15 and 2.0 micron crystal size, respectively, revealed no 

influence of diffusion on the reaction rate. Comparison to a conventional Pt/SiO2 catalyst showed 

very similar activation energy, with Ea = 50±3 kJ×mol-1 suggesting that co2 hydrogenation follows the 

same mechanism over the two materials.  

Overall, this study shows that the partially bipy-functionalized UiO-67 Zr-MOF framework is well 

suited as support for the Pt-catalyzed reverse water gas shift reaction, and is able to stabilize Pt 

metal nanoparticles of similar size as the framework cavities. Comparison to a conventional Pt/SiO2 

catalyst further demonstrated that the Zr-MOF framework facilitated hydrogenation of CO to CH4. 

Future introduction of a second functionality in the Zr-MOF material, aimed at the stabilization of Pt-

CO entities, is expected to further promote this reaction.   
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