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Continuous hydrogenation of carbon dioxide to formic acid and 

methyl formate by a molecular iridium complex stably 

heterogenized on a covalent triazine framework 

Juan José Corral-Pérez,[a] Amelia Billings,[a] Dragos Stoian,[b] and Atsushi Urakawa*[a],[c] 

 

Abstract: Continuous synthesis of formic acid and methyl formate via 

CO2 hydrogenation is demonstrated using a molecular iridium 

complex stably immobilized on a solid covalent triazine framework 

(CTF) under high-pressure conditions. Compared to formic acid 

synthesis, methyl formate synthesis is advantageous to enhance the 

selectivity and yield of formates under kinetically favorable high 

temperature conditions. Transient in situ vibrational spectroscopy 

shows that the CTF strongly interacts with CO2 and H2, and even 

activates methanol. Hence, CTF is a promising support for molecular 

catalysts, even under harsh supercritical and flow conditions, through 

its strong binding capability. 

The catalytic hydrogenation of CO2 to formic acid is not only a 

strategic reaction aiming at CO2 mitigation[1] and H2 economy 

where formic acid serves as a hydrogen carrier[2], but also offers 

an advantageous alternative over the commercial process. The 

industrial synthesis of formic acid involves two steps: methanol 

carbonylation to yield methyl formate and its subsequent 

hydrolysis to form formic acid. The hydrolysis is a reversible 

reaction with a relatively unfavorable equilibrium, which requires 

the use of either a large excess of one of the reactants or a basic 

additive.[3]  

 

Formic acid synthesis by CO2 hydrogenation is ideal in terms of 

atom economy (all atoms in the reactants are found in the desired 

product). In reality, the greatest hindrance to its development 

arises from serious thermodynamic limitations.[1] It must not be 

forgotten that the conversion of carbon dioxide and hydrogen into 

formic acid is strongly endergonic (∆G°298K = 32.9 kJ mol-1).[4] 

However, the use of solvent allows the reaction to become 

exergonic, for example with ∆G°298K = -4 kJ mol-1 in the aqueous 

phase.[4] Successful CO2 hydrogenation to formic acid and high 

turnover numbers have been reported using polar solvents or 

basic additives, to shift the reaction equilibrium in the presence of 

a homogeneous catalyst. Transition metal complexes containing 

Ru, Ir, Rh, Pd, Ni, Fe, Ti, or Mo (Ru and Ir in particular) [5], are 

known for moderate to excellent catalytic activities.[6] The main 

disadvantage of this process is the recovery and recycling of 

expensive and soluble catalysts, which is confirmed by a 

technological and economic feasibility study.[7] An obvious path 

towards commercialization is to decrease the operating cost by 

using heterogeneous catalysts and their recycling, or ideally to 

operate the reaction under continuous flow through a reactor 

where a catalyst is packed inside.  

 

Reflecting this background, potential advantages of immobilizing 

molecular metal complexes on solid support material are evident 

by combining the characteristics of homogeneous and 

heterogeneous catalysts.[8] In other words, the well-defined active 

sites provided by the molecular complexes, in theory, enable high 

activity and selectivity to the desired product, whilst solid support 

facilitates catalyst handling and separation from reactant/product 

fluids. In addition, the common difficulty in establishing 

relationships between catalyst structure and activity in 

heterogeneous catalysis may be overcome by the use of precisely 

designed active centers.[9] The material and structure of the 

support are of critical importance, as it must provide moieties 

whereby the active metal can be stably coordinated without 

structural destruction under reaction conditions which are often 

harsh (high temperature and/or pressure).  

 

The use of covalent triazine frameworks (CTFs) as a support has 

attracted increasing attention since they meet all the above-

mentioned requirements.[10] Catalytic activity of iridium molecular 

complexes immobilized on different CTFs in CO2 hydrogenation 

to formate/formic acid has been demonstrated.[11] Despite the 

success, the catalytic tests are performed under batch conditions, 

thus failing to discern if the catalytic activity arises from either a 

leached or heterogenized complex. Furthermore, significant 

challenges regarding catalyst stability especially under 

continuous operation, elucidation of intermediate species and 

accessibility of the active sites remain to be addressed, before the 

viability of such catalysts can be critically assessed for potential 

industrial applications.[10c] 

 

In this work, a CTF derived from 2,6-dicyanopyridine (DCP, 

Scheme 1) and synthesized through ionothermal conditions[12],[13] 

is used to immobilize [IrCp*Cl2]2 (Cp* = η5-

pentamethylcyclopentadienyl). The successful trimerization 

reaction of DCP to yield the desired CTF (Scheme 1) is confirmed 

by IR (Supporting Information, Figure S1a). 19, 25 This CTF 

offers more bipyridine-based moieties per CTF ring than the 
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reported frameworks (based on 2-bromo-5-cyanopyridine or 5,5′-

dicyano-2,2′-bipyridine) to coordinate the Ir complex.[11b, 11c] This 

may help to prevent Ir leaching under continuous operation due 

to the abundant coordination sites throughout the framework. The 

activity of the catalyst (Ir-CTF) is tested in the CO2 hydrogenation 

to formic acid or to methyl formate under continuous operation at 

high-pressure (300 bar) to critically evaluate the catalyst stability, 

induce kinetic advantages, and shift the reaction equilibrium as 

this reaction is known to be highly pressure-dependent.[14] The 

catalyst is characterized before and after the reaction by means 

of IR, N2 physisorption, XRD, ICP-OES, STEM, EDX and X-ray 

absorption spectroscopy (XAS) measurements. Furthermore, 

transient in situ diffuse reflectance infrared Fourier transform 

spectroscopy (DRIFTS) studies in combination with multivariate 

spectral analysis are performed to elucidate surface species 

formed over the CTF and Ir-CTF materials. 

 

Scheme 1. Idealized schematic formation of a CTF derived from 2,6-

dicyanopyridine (DCP). 

The immobilization of the iridium complex on the solid CTF is 

performed as described in Supporting Information to yield the 

solid molecular catalyst depicted in Scheme 2. ICP-OES analysis 

reveals that the Ir loading of the material is 16.3 wt%. The IR 

features of CTF and Ir-CTF are virtually identical, confirming that 

the functionalization of CTF with the Ir complex does not induce 

changes in the framework structure (Supporting Information, 

Figure S1a). This is also confirmed by Raman spectroscopy 

(Figure S1b) and XRD (Figure S1c). The Raman G and D bands 

observed at 1580 and 1356 cm-1, respectively, demonstrate that 

both CTF and Ir-CTF possess two-dimensional-honeycomb 

structure constructed from triazine and pyridine rings.[15] The 

broad peak in the XRD pattern at ca. 25° is characteristic of the 

graphitic layers with interlayer distance of ∼3.4 Å.[15-16] The XRD 

pattern also indicates a predominantly amorphous structure of the 

materials, although a diffraction peak at ca. 12° appears after the 

immobilization of the Ir complex most likely due to the presence 

of chlorides in the framework. 

 

 

 

Scheme 2. Structural representation of Ir-CTF catalyst. 

The porosity of these frameworks is investigated by means of N2 

physisorption. As shown in Supporting Information, Figure S2a, 

the CTF shows a type I isotherm, indicating the presence of 

microporosity and a limited mesoporosity. The BET surface area 

(SBET) of 734 m2 g-1 is consistent with those reported in literature 

for this type of CTF derived from DCP.[10c] The t-plot analysis 

indicates that the area attributed to micropores accounts for 97% 

of the total surface area. Horvath-Kawazoe pore size distribution 

derived from the adsorption branch of the isotherm of CTF shows 

that a large fraction of micropores has diameters around 0.9 nm 

(Supporting Information, Figure S2b). Interestingly, the SBET of 

the CTF drastically decreases to 10 m2 g-1 upon functionalization 

with the Ir complex. Such a decrease was also reported for a CTF 

based on 5,5′-dicyano-2,2′-bipyridine when the Ir loading was 

increased up to 10.6 wt%.[17] Furthermore, the N2 adsorption-

desorption isotherms of Ir-CTF are characteristic of a mesoporous 

material. This indicates that the Ir cationic complex and/or 

chlorides are largely occupying the pores of the CTF. This is 

further confirmed by the decrease in the total pore volume from 

0.33 (CTF) to 0.016 (Ir-CTF) cm3 g-1. Consequently, the pore 

diameter of Ir-CTF is 3-7.5 nm (mesoporous range), as estimated 

by the BJH (Barrett-Joyner-Halenda) pore size distribution 

derived from the desorption branch of the isotherm of Ir-CTF 

(Supporting Information, Figure S2c). 

 

Analytical techniques such as IR[16d] and EDX[18] have been used 

to detect the presence of the metal complex on the CTF, 

suggesting its direct coordination. In literature, X-ray 

photoelectron spectroscopy (XPS) has been widely employed to 

study the chemical state of the metal center, carbon and/or 

nitrogen.[11b, 11c, 16c, 19] However, deconvolution of XPS spectra 

might add uncertainty to the data.[20] In order to unambiguously 

determine the molecular structure of Ir-CTF, extended X-ray 

absorption fine structure (EXAFS) analysis of the Ir L3 edge is 

performed in this study (Figure 1). According to the Fourier 

transforms (FT) of k2-weighted EXAFS of the reference samples, 

IrCl3 and Ir foil, the peaks at 1.90 and 2.55 Å can be assigned to 

Ir-Cl and Ir-Ir bonds, respectively.[21] This suggests that the peak 

observed at 1.76 Å is attributed to Ir-N bonds (1.5-2.1 Å in 

literature)[22] and that the Ir complex is molecularly immobilized, 

based on the absence of the peak attributed to metallic Ir.  
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Figure 1. Fourier transforms (FT) of k2-weighted EXAFS of IrCl3, Ir foil and Ir-

CTF. 

The reactivity of both CTF and Ir-CTF is studied in the continuous 

hydrogenation of CO2 to formates/formic acid at 300 bar. Reaction 

temperature above 180 °C is not investigated to avoid the 

formation of Ir nanoparticles. Firstly, methanol is co-fed in the 

reactor to produce methyl formate (MF), expectedly through the 

reaction between formic acid formed at the Ir active site and 

methanol via esterification. To our surprise, the CTF itself is 

slightly active in the formation of MF and the temperature has 

virtually no effect on its yield (Supporting Information, Figure 

S3). A blank test without methanol is performed (not shown) and 

no products are observed at all temperatures examined. Hence, 

methanol is activated over CTF, i.e. through formation of methyl 

and methoxy species, to yield MF. The activation of methanol over 

CTF is confirmed by in situ DRIFTS measurements, that shows 

methoxy species stably adsorbed over bare CTF after methanol 

adsorption and its subsequent desorption after thorough removal 

of methanol from the cell (Supporting Information, Figure S4). 

As shown in Supporting Information, Figure S3, the presence 

of Ir boosts the formation of MF at 160-180 °C. At these 

temperatures, CO is observed as a side-product without hindering 

the formation of MF. CO may be formed by the reverse water–gas 

shift reaction; however, it is unlikely in this low temperature 

range.[23] In addition, CO is not formed in the CO2 hydrogenation 

in the absence of methanol (data not shown), suggesting that CO 

formation is due to the presence of methanol in the reaction 

mixture and rather to the decomposition of methyl formate and/or 

formic acid. 

 

Furthermore, in order to demonstrate continuous formic acid 

synthesis over the Ir-CTF catalyst, water[20, 24] or triethylamine[1] is 

co-fed into the reactor instead of methanol to create 

thermodynamically favorable environment for formic acid 

formation (Table 1). At 100 °C, formic acid is selectively formed 

and its weight time yield (WTY) is much higher in triethylamine 

than in water, as expected from the stronger molecular interaction 

between the base and formic acid. In contrast, at 180 °C the WTY 

of formic acid is greater in water, likely because the dissociation 

of the adduct formed with the amine to formic acid and its further 

decomposition occurs at the temperature.[7] Generally, the overall 

turnover frequency (TOF) is higher at 180 °C (TOFtotal of 7.33 and 

8.94 in water and triethylamine, respectively) than at 100 °C 

(TOFtotal of 0.23 and 1.61, respectively), although undesired CO 

formation is prominent at 180 °C. On the other hand, when the 

reaction is performed in methanol, the WTY of MF is greatly 

enhanced at 180 °C compared to at 100 °C, while retaining high 

selectivity to MF (TOFMF of 3.03). In this sense, MF is an 

interesting intermediate product to achieve fast reaction kinetics, 

which is favored at higher temperature, to selectivity synthesize 

formic acid through hydrolysis of methyl formate.[25]  

 
Table 1. Effects of water and triethylamine (Et3N) cofeeding and temperature 

on the weight time yield (WTY) of FA, MF, and CO over Ir-CTF catalyst. In 

brackets, TOF values are shown. For these calculations, the amount of Ir 

stably present during the reaction was used. Reaction conditions: 300 bar, 

GHSV = 14000 h-1. 

Reactant 

mixture[a] 

T (ºC) WTYFA 

(mgFA gIr
-1 h-1) 

WTYMF 

(mgMF gIr
-1 h-1) 

WTYCO 

(mgCO gIr
-1 h-1) 

CO2 + H2 

+ CH3OH 

100 - 264.5 (0.85) - 

180 - 944.4 (3.03) 199.8 (1.37) 

CO2 + H2 

+ H2O 

100 53.9 (0.23) - - 

180 44.7 (0.19) - 1039.5 (7.14) 

CO2 + H2 

+ Et3N 

100 385.5 (1.61) - - 

180 5.3 (0.02) - 1300.0 (8.92) 

[a] 4:4:1 molar ratio.  

 

The Ir-CTF after the reaction is characterized, showing no clear 

indication of structural change (Supporting Information, Figure 

S5). In XRD the reflection peak at ca. 12° disappears and this 

indicates some leaching of the complex or chemical entity during 

the reaction (Supporting Information, Figure S6). The BET 

surface area of the spent catalyst increases to 61 m2 g-1 by 

releasing the pore of the CTF blocked by an excess of the Ir 

complex. Indeed, the Ir content of the catalyst after the reaction 

determined by ICP-OES decreases to 7.6 wt%, confirming a 

certain loss of Ir during the reaction. It is important to note that 

despite the metal leaching, almost half of the initially loaded Ir 

remains in the solid framework during the reaction under the flow 

conditions for ca. 96 h at 300 bar. The presented catalytic results 

are obtained when the catalytic activity is stabilized after more 

than 48 h of stabilization under the flow of the reaction mixture. 

Therefore, we can safely conclude that the activity originates from 

the stably immobilized active Ir sites.  

 

In order to study the changes in the electronic state and 

coordination environment of the Ir during the reaction, XAS 

measurements are performed at room temperature at Ir L3 edge 

(Supporting Information, Figure S7-S8). Based on the 

absorption edge shifting towards higher energy and on the 

increasing white line intensity (Supporting Information, Figure 

S7), the Ir in the spent catalysts has a more oxidic character 

compared to the fresh catalyst. This may be due to the presence 

of coordinating species on Ir during the reaction, or possible 

oxidation of the Ir-hydride active center upon exposure to air. Both 

would serve as an indirect proof of the presence of a single-site Ir 

active center during the reaction. The EXAFS results also show 
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that Ir is isolated within the CTF matrix after the reaction based 

on the absence of the peak at 2.55 Å characteristic of Ir-Ir bonds 

(vide supra) (Supporting Information, Figure S8). STEM and 

EDX analyses further confirm the homogeneous dispersion of Ir 

before and after the reaction as depicted in Figure 2 (Supporting 

Information, Figure S9). 

 

Figure 2. STEM and EDX mapping images of iridium (yellow) for Ir-CTF before 

(left) and after (right) the reaction. 

The catalytic activity of Ir-CTF towards methyl formate and formic 

acid confirms the formation of formates over the catalyst surface. 

However, to the best of our knowledge, there is no report on the 

nature of the surface species formed over CTFs during CO2 

hydrogenation. In order to unravel the interaction of these 

frameworks with CO2 and H2, in situ DRIFTS measurements are 

performed with CTF and Ir-CTF in the mixture of CO2 and H2 at 

140 °C and 5 bar. As depicted in Figure 3, no notable 

spectroscopic features are observed for CTF. On the other hand, 

the presence of Ir induces the formation of surface species, as 

indicated by the bands in the region between 1750 and 2200 cm-

1. The absence of bands in the v(C–H) region (2600 – 3100 cm-1) 

implies that bidentate formates are not present over Ir-CTF. The 

concentration of the surfaces species is drastically increased at 

higher pressures (Figure 3), as reported for bidentate formates 

over silica-supported silver nanoparticles.[26] Interestingly, for both 

CTF and Ir-CTF, the spectral region between 2250 and 2400 cm-

1 shows the presence of distinct spectral features which overlap 

with but are obviously different from the bands of gaseous CO2. 

This is attributed to the excellent CO2 adsorption capabilities of 

the CTF through its numerous nitrogen sites present in the 

framework serving as Lewis basic sites,[16a] although very little is 

known about the interaction between CO2 with these nitrogen-rich 

materials.  

 

 

 

Figure 3. (Left) In situ DRIFT spectra of CTF and Ir-CTF upon exposure to 

CO2:H2 = 1:1 (molar ratio) at 140 °C and 5 bar. The frequency region of 

asymmetric CO2 stretching vibration is enlarged for clarity. (Right) In situ DRIFT 

of Ir-CTF upon exposure to CO2:H2 = 1:1 (molar ratio) at 140 °C and 20, 40 and 

70 bar. 

To gain more precise information about the nature of CO2 

interaction with the CTF and Ir-CTF, a transient in situ DRIFTS 

study is performed by alternatingly passing pure CO2 and Ar over 

CTF and Ir-CTF at 140 °C and 5 bar (Supporting Information, 

Figure S10). The results show that there are three kinetically 

separable species (Figure 4) over the CTF. The band at 2334 cm–

1 (Figure 4, black) is assigned to asymmetric stretching of CO2 

adsorbed on CTF due to a clear restriction of molecular rotation. 

Its concentration profile indicates that the CO2 is strongly 

adsorbed since it is slowly removed by Ar at the relatively high 

temperature. Although the spectral features of the other two 

species (Figure 4, orange and blue lines) somewhat resemble 

that of gaseous CO2, their bands are highly distorted. In fact, the 

concentration profile of one species (Figure 4, blue line) follows 

the expected profile of CO2 gas in the DRIFTS cell. The distortion 

of the spectral features may be caused by the strong electrostatic 

interactions between the nitrogen sites and the carbon atoms of 

the CO2 molecules.[27] In case of Ir-CTF, the band of CO2 

adsorbed on CTF is also observed, but its removal is faster under 

Ar. This weaker interaction of CO2 with the framework is likely 

caused by the decrease in the surface area when Ir is present 

(Supporting Information, Figure S2). For Ir-CTF, the two 

kinetically distinguishable spectra due to weakly interacting CO2 

with the material (Figure 4, orange and blue lines) show new 

spectral features in comparison to the case of CTF. Hence, the Ir 

complex induces different interactions with CO2,[28] but not very 

strongly as suggested by the concentration profiles of these 

species. Furthermore, a direct interaction of CO2 with the Ir sites 

is implied by the emergence of a band at 2008 cm-1 under CO2 

over Ir-CTF (Supporting Information, Figure S10), which may 

be attributed to η2-C,O mode of CO2 on the metal.[29] 
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Figure 4. Components spectra and the corresponding concentration profiles 

obtained by multivariate spectral analysis applied on the time-resolved DRIFT 

spectra of CTF and Ir-CTF upon exposure to CO2 (the first half period) and then 

to Ar (the second half period) at 140 ºC and 5 bar. 

The activation of CO2 over Ir may promote the formation of 

formates or formic acid, provided that hydride or atomic hydrogen 

is present on the metal. In order to prove the presence of hydride, 

a transient in situ DRIFTS study is performed by alternatingly 

passing pure H2 and Ar over Ir-CTF at 140 °C and 5 bar (Figure 

5). Under H2, bands at 1950, 2141 and 2264 cm-1 appear together 

and gradually. After switching to Ar, these bands progressively 

decrease, thus indicating a strong interaction and a relatively high 

stability in Ar. These bands are not observed over bare CTF 

(Figure 5). Hence, the observed spectroscopic features point to 

the existence of an interaction between Ir and H2. According to 

literature, these bands can be assigned to Ir-H stretching 

vibrations.[30] The interaction between Ir and hydrogen is further 

confirmed by the slight shifts of these bands in a transient study 

using deuterium instead of hydrogen (Figure 5). This small shift 

may indicate dominant presence of a molecular H2 complex (Ir-H2 

or Ir-D2 – precursor of hydride)[31] instead of hydride as transiently 

and reversibly formed species in response to the concentration 

changes of hydrogen molecules in the gas phase.[14b] After having 

proved that CO2 can be activated over Ir and CTF separately, 

while H2 is exclusively activated on Ir to yield hydride/H2 species, 

the formation of formate or formic acid over Ir-CTF via CO2 

hydrogenation is naturally explained. The strong interaction of 

CO2 with CTF would be particularly beneficial to enhance the local 

concentration of CO2 near Ir. In the in situ DRIFT spectra of Ir-

CTF upon exposure to CO2 and H2 (Figure 3), the bands 

attributed to the activation of CO2 and H2 at 1741, 1888 and 2175 

cm-1, which are not observed in only CO2 (Figure 4) or H2 (Figure 

5), can be unambiguously elucidated. As mentioned above, the 

absence of bands in the v(C–H) region excludes the presence of 

bidentate formates (κ2-HCOO). Hence, these features indicate 

that monodenate formate species (κ1-HCOO) is formed at the Ir 

site as well accepted for Ru-catalyzed CO2 hydrogenation.[14b, 32]  

 

 

Figure 5. Transient DRIFTS study over CTF and Ir-CTF. Time-resolved DRIFT 

spectra upon exposure to H2 or D2 (the first half period) and then to Ar (the 

second half period) at 140 °C and 5 bar. The DRIFT spectra are shown in milli-

absorbance unit taking the last spectrum in the Ar atmosphere as background. 

In summary, an iridium molecular complex ([IrCp*Cl2]2) is 

successfully immobilized on a solid covalent triazine framework. 

For the first time, catalytic activities of such a heterogenized 

catalyst are demonstrated under flow and even high pressure 

conditions in the presence/absence of a solvent/base. Some loss 

of weakly-bound Ir is detected, but the CTF provides sufficient 

binding strength to hold the Ir complex under harsh reaction 

conditions over some days of operation. This study also shows 

that methyl formate may serve as a practical intermediate for 

formic acid synthesis at higher reaction temperature where 

reaction kinetics are favored. The active roles of CTF through 

strong interaction with CO2 are clarified, and so are the possible 

intermediates in CO2 hydrogenation over the Ir-CTF. The present 

study opens new avenues for continuous formic acid synthesis 

over heterogenized catalysts, which may be inching closer to 

commercial viability. 
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Hold it tight! A solid covalent triazine 

framework (CTF) is able to retain 

active molecular Ir catalyst under 

continuous high-pressure, 

supercritical conditions to produce 

formic acid and methyl formate via 

CO2 hydrogenation. The unique roles 

of CTF and Ir in the activation of CO2, 

H2 and methanol were uncovered by 

in situ IR spectroscopy. 
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