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Abstract: Heterogeneous immobilized molecular catalysis has 
gained significant attention as a platform for creating more efficient 
and selective catalysts. A promising type of immobilized molecular 
catalysts are made from porous organic polymers (POPs) due to their 
high stability, porosity, and ability to mimic the catalytic activity and 
selectivity of homogeneous organometallic catalysts. These 
properties of the POP-based systems make them very attractive as 
heterogeneous catalysts for hydrogenation of CO2 to formate, where 
predominately homogeneous systems have been applied. In this 
study, five POPs were synthesized and assessed in the 
hydrogenation of CO2 where the active catalysts were made in-situ by 
mixing IrCl3 and the POPs. One of the Ir/POP catalysts provided a 
turn-over number (TON) >20,000, which is among the highest for 
POP-based systems. Thorough characterization (CO2- and N2-
physisorption, TGA, CHN-analysis, XRD, XPS, SEM, STEM and 
TEM) was performed. Notably, the developed Ir/POP system also 
showed catalytic activity for the decomposition of formic acid into H2 
enabling the use of formic acid as a renewable energy carrier.   

Introduction 

Designing novel porous materials with immobilized active 
molecular sites have been of high interest for the past decades in 
the field of heterogeneous catalysis to access more efficient and 
selective catalysts.[1] Porous organic polymers (POPs) have 
received significant attention as molecular catalysts for their high 
stability, porous nature, and high functional freedom.[2] POPs can 
easily be synthetically modified with many different functionalities, 
in contrast to other materials such as metal- or covalent organic 
frameworks, aluminosilicates, and metaloxides where 
compositional restraints and/or required crystallinity can hinder 
the incorporation of different functionalities.[3] These 
functionalities can be organometallic ligands with the ability to 
immobilize metals and thereby form active molecular 
heterogeneous catalysts.[4] Furthermore, the coordination of 
metals to POP-based ligand sites can also prevent classical 
deactivation mechanism thereby providing unique catalytic 

activities.[5] Alongside these properties, POPs have shown 
superior gas adsorption properties making them ideal candidates 
for catalysis involving gases.[6] Finally, the heterogeneous 
skeleton of POPs facilitates its easy recovery and reuse for future 
and sustainable applications.  
Utilization of carbon dioxide (CO2) have been targeted as an 
attractive strategy to diminish its emission to the atmosphere and 
contribution to the climate change as a greenhouse gas.[7] A 
promising application is the transformation of CO2 into more 
valuable chemicals with examples such as formic acid (FA), 
methanol, and methane.[8] The interest for renewable formation of 
FA has increased tremendously over the past decades due to its 
high volumetric capacity of hydrogen (H2) that can be released 
through selective decomposition.[9] This makes FA an attractive 
organic liquid hydrogen carrier (LOHC), which can remove the 
otherwise need for high pressure containers in storage and 
transportation of H2.[10] The released H2 can be used as an 
excellent green, renewable, and sustainable source of energy 
with its a high gravimetric energy density, which can replace the 
need for fossil fuels and thereby diminish the environmental 
impact currently seen throughout the world.[11] The formation of 
FA by hydrogenation of CO2 provides a neutral carbon balance 
and helps in the utilization of CO2 as a valuable resource.[8c,12] 

Although the hydrogenation transformation is not 
thermodynamically favourable, the reaction can be driven by 
trapping the generated FA as formate.[13] Currently, state-of-the-
art homogeneous catalysts for hydrogenation of CO2 to formate 
use precious metal-based catalyst, such as Ir, Rh, Ru, and Pd in 
alkaline aqueous media.[14] Although these homogeneous 
precious metal catalysts provide high turnover numbers (TON) 
and turnover frequencies (TOF), they do not have the same green 
and sustainable properties as heterogeneous catalysts. Thus, 
novel and active heterogeneous catalysts are very attractive for 
accommodating the demands for FA as a green and sustainable 
hydrogen carrier, which helps the utilization of CO2.  
The most frequently used industrial catalysts are metal 
nanoparticles on porous supports, but these catalysts lack activity 
and selectivity in the formation of formate.[8a] Given the unique 
properties of POPs containing organometallic molecular catalysts, 
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these new materials hold promise for addressing the issues with 
activity and selectivity for heterogeneous catalysis. So far, there 
are only sparse reports on the use of POPs for formic acid 
production from CO2; however, these reports already display very 
promising results.[15,16,17,18] For example, in the state-of-the-art, 
Yoon et al. have demonstrated that an iridium containing 
phenanthroline-based POP catalyst can afford a TON of 14,400 
for the hydrogenation of CO2 to formate.[15e] The same group have 
also published a covalent triazine POP capable of forming a Ir(III)-
N-heterocyclic carbene complex achieving a TON of 24,300.[15c]    
We have previously developed a polyphenylene (PP) POP which 
did not contain organometallic ligand sites.[19] Instead of creating 
a molecular catalyst the PP was used as a support material for Pd 
nanoparticles. Recently, Wang et al. have shown that a sulfonated 
PP can hydrate alkyne bonds showing the versatility of such a 
material.[20] Yet, as the PP POP is made up exclusively of aromatic 
sp2-carbons in a ordered structure, it is very robust with inherent 
high porosity, and these features could make it ideal for 
applications in high-pressure reactions like the hydrogenation of 
CO2 to formate.  
Here, we report the synthesis of novel PP-based POPs with 
organometallic ligands, bipyridine or phenanthroline, incorporated 
into the polymer skeleton. Upon in-situ ligation to iridium, the best 
Ir-POP can catalyze hydrogenation of CO2 to formate with a TON 
>20,000 under reaction conditions comparable to previous 
literature reports (140 °C, 56 bar 1:1 H2:CO2). The influence on 
the TON by varying the ligand and ligand density is examined. 
The synthesized materials are characterized by TGA, CO2- and 
N2-physisorpion, SEM, STEM, TEM, XPS, and CHN-analysis. In 
addition, post-reaction characterization is conducted to assess 
material changes during the catalytic reaction. Interestingly, the 
corresponding homogeneous catalysts led to much lower TONs, 
thus highlighting the essential role of the POP in the catalytic 
performance. Finally, we demonstrate that the same catalyst is 
active in the selective dehydrogenation of FA. This is the first 
reported POP catalyst system capable of both forming and 
decomposing FA selectively, accordingly it can help advancing H2 
as a renewable and sustainable energy source.  

Results and Discussion 

Synthesis and characterization 
One of the characteristics of the synthesized POPs is that the 
polymerization technique only forms aromatic sp2-carbons 
resulting in polymers which are more chemically and physically 
stable than many other polymers.[2d] The expected high thermal 
stability was also observed by thermogravimetric analysis (Figure 
1a). The POPs are seemingly stable in air up to at least 300 °C 
and a significant mass loss is only observed above 500°C. An 
amorphous structure is seen in XRD (Figure S2), but the polymer 
appears homogeneous in structure with similar morphology 
throughout the whole sample in SEM (Figure 1b). The nitrogen 
content of the synthesized POPs was assessed by CHN-analysis 
and XPS (Figure 1c). Both analyses reveal an increase in nitrogen 
content in our series of bpy-based POPs with bpy-PP-POP having 
the lowest nitrogen content and 4xbpy-PP-POP the highest; 
however, the increase does not match the expected 1 : 2 : 4 ratio 
but rather a 1 : 1.5 : 2.5 ratio based on the CHN values. The 
adsorption properties were examined by N2-physisorption initially 
where none of the POPs containing ligands showed any porosity 
(Figure S3). Notably, the change of adsorbate to CO2 instead of 
N2 showed that all the POPs are porous and capable of adsorbing 
CO2 (Figure 1d).[21] Furthermore, a clear trend was observed as 
increasing the bpy density in the POP decreases the porosity. The 
change in porosity is probably due to changes in the POP 
structure when introducing the more of the linear bpy (see Table 
S2 for measured BET surface areas).  XPS analysis of the carbon 
in the polymer confirms that only one signal is present 
corresponding to C-C bonds with no indication of oxidation from 
the H2O2 treatment (Figure S5). The nitrogen in the bpy-PP-POP 
is present as only one specie that has a binding energy 
corresponding to pyridinic nitrogen (Figure 1e).[22] The 
introduction of more bipyridine sites or replacing bpy with Phen 
into the skeleton (2xbpy-PP-POP, 4xbpy-PP-POP, or Phen-PP-
POP) did not show any significant difference from the bpy-PP-
POP material (see Figure S6). Unfortunately, supplementary 
FTIR spectroscopy did not provide any useful data. Nevertheless, 
these results are in agreement with the synthesized material 
being a polyphenylene POP with either bpy or Phen functionality 

in the skeleton (see Table S3 for additional values from CHN-
analysis and Figure S7 for a TEM image). 

Scheme 1. Illustration of the synthesis and catalytic reaction of the PP-POPs. 
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Figure 1. Characterization of synthesized POP. a) The thermal stability 

evaluated from TGA. b) SEM image of the bpy-PP-POP. c) Compositional 
analysis of the nitrogen content of the POPs. d) CO2-adsorption isotherms of 
the POPs conducted at 0 °C. e) XPS signal from the N1s scan shown for the 
bpy-PP-POP. 

Hydrogenation of CO2 
With four different POPs containing organometallic ligand sites in 
hand, we tested the POPs in the catalytic hydrogenation of CO2 
to formate. In our test setup, the POP and an iridium precursor 
were mixed in a 1M aqueous solution of Et3N inside a steel reactor. 
The total pressure inside the reactor was regulated to 56 bar of 
CO2 and H2 in a 1:1 ratio before being heated to the specified 
temperature (an example of the pressure profile during an 
experiment is shown in Figure S9). The POPs with either 
phenanthroline or bipyridine in the skeleton both showed activity 
in the formation of FA, but the POP based on bipyridine displayed 
superior activity (Table 1, entry 1 and 2). Lowering the iridium 
concentration to 10 µM for the bpy-PP-POP provided an 
impressive TON of 20,041 (entry 3). The addition of more POP 
did not improve the catalytic performance (entry 4). Replacing the 
original POP with derivatives that have a higher concentration of 
bipyridine in the skeleton (2xbpy-PP-POP and 4xbpy-PP-POP) 
led to significantly lower TONs (entry 5 and 6). This may be 
correlated to their inferior porosity seen from the CO2-adsorption 
experiment. Increasing the reaction time to 48 hours did not 
improve the yield (entry 7). Switching the iridium precursor from 
IrCl3 to [IrCp*Cl]2 or [Ir(cod)MeO]2 did not provide higher activity 
(entry 8 and 9). Lowering the reaction temperature to 120 °C 
decreased the activity significantly (entry 10). A test reaction with 
commercially available material of iridium nanoparticles on 
carbon (Ir/C) showed no significant catalytic activity (entry 11).  

 
 
Table 1. The catalytic performance of the synthesized POPs in the presence of 

an iridium precursor for the hydrogenation of CO2 to formate. 

Entry POP [Ir] (conc.) Yield[a] TON[b] 

1 Phen-PP-POP IrCl3•xH2O (100 µM) 12% 1336 

2 bpy-PP-POP IrCl3•xH2O (100 µM) 42% 4676 

3[c] bpy-PP-POP IrCl3•xH2O (10 µM) 18% 20041 

4[d] bpy-PP-POP IrCl3•xH2O (10 µM) 16% 17814 

5[e] 2xbpy-PP-POP IrCl3•xH2O (10 µM) 5% 5567 

6[e] 4xbpy-PP-POP IrCl3•xH2O (10 µM) 5% 5567 

7[f] bpy-PP-POP IrCl3•xH2O (10 µM) 15% 16701 

8 bpy-PP-POP [IrCp*Cl]2 (10 µM) 12% 13360 

9 bpy-PP-POP [Ir(cod)MeO]2 (10 µM) 10% 11134 

10[g] bpy-PP-POP IrCl3•xH2O (10 µM) 2% 2227 

11[h] - Ir/C (100 µM) 3% 3340 

12[e] 2,2’-bipyridine IrCl3•xH2O (10 µM) <1% - 

13[i] - K[IrbpyCl4] 2% 2227 

14[j] bpy-PP-POP + 2,2’-
bipyridine 

IrCl3•xH2O (10 µM) 6% 6080 

15 bpy-PP-POP (used) - 12% 13361 

16 bpy-PP-POP (used) IrCl3•xH2O (10 µM) 17% 18928 

17 - - <1% - 

18 - IrCl3•xH2O (10 µM) <1% - 

19 bpy-PP-POP - 6% 6680 

[a] Yield quantified by 1H-NMR using D2O as solvent and Et3N as a standard. 
[b] TON calculated by the following equation: the n(formate)/n(Ir) where 
n(formate) is given by yield*n(Et3N) and the total amount of iridium is estimated 
based on a iridium content of 52% for the IrCl3•xH2O salt. [c] This TON value 
corresponds to a TOF of 835 h-1. [d] Twice the normal amount of POP. [e] The 
overall amount of bipyridine was kept constant. [f] Reaction time was 48 hours. 
[g] The reaction temperature was decreased to 120 °C. [h] Commercially 
available Ir/C. [i] The K[IrbpyCl4] complex was synthesized according to 
reported literature.[24] [j] The amount of added 2,2'-bipyridine is 1 equivalent of 
the added iridium. 

To compare our heterogeneous catalyst system with the 
corresponding homogeneous catalyst system, we performed the 
CO2 hydrogenation with IrCl3•xH2O/2,2’-bipyridine (entry 12). 
Surprisingly, this homogeneous catalyst system did not display 
any significant activity indicating that the incorporation of the 
ligand into the POP skeleton is crucial for achieving high TONs 
for this transformation. Also, the use of a homogeneous 
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monobipyridine iridium complex as catalyst was unsuccessful 
(entry 13). To gain further insight into the potential reason for the 
beneficial effect of the POP, we added 2,2’-bipyridine to a reaction 
with bpy-PP-POP (entry 14). Notably, the reaction was 
significantly inhibited by the presence of the homogeneous ligand. 
Previous reports have indicated that common deactivation 
mechanisms e.g. formation of inactive dimers and saturated 
complexes can be avoided with the incorporation of the ligand into 
a rigid POP backbone, and also that active complexes can only 
be formed with POP-based ligands providing unique properties 
for catalysis.[5,23] Accordingly, we hypothesize that the rigid bpy-
PP-POP stabilizes a catalytically active Ir/mono-bpy species and 
prevents the formation of more stable yet inactive bis- or 
trischelated Ir/bpy species and dimers, which can be accessed 
readily under homogeneous conditions (Scheme 2).  

Scheme 2. Potential deactivation pathways for homogeneous systems which 
are made inaccessible by the rigid structure of the POP.  

To investigate the recyclability of the bpy-PP-POP catalyst 
material, without addition of new Ir, the material was recovered by 
centrifugation and rinsed with water. Subsequently, the recovered 
catalyst material was subjected to a fresh solution of Et3N under 
CO2 and H2 pressure. The POP-based catalyst material is still 
active, but a loss of yield is observed (Table 1, entry 15). However, 
the original activity can be recovered by the addition of fresh 
IrCl3•xH2O (entry 16). Control experiments showed that the 
reactor and IrCl3•xH2O are not active by itself (entries 17-18). The 
bpy-PP-POP alone does show some activity, but it is less active 
than in the presence of iridium (entry 19). Potential Pd residues 
may still be present in the POP despite the post polymerization 
treatments. The PP-POP can be synthesized Pd free[19], however  
a small signal can be seen from Pd in a survey XPS scan (Figure 
S4). Despite the background reaction, the TON value is 
dramatically increased with the addition of iridium, thus, the 
majority of the observed activity is asummed to arise from the 
iridium-catalyzed reaction.  
The used bpy-PP-POP catalyst was characterized by STEM to 
identify potential changes in the material and help clarifying 
possible deactivation mechanisms (Figure 2). The STEM images 
of the used catalyst reveal the presence of iridium nanoparticles 
that are distributed throughout the whole sample and have a very 
narrow size distribution (2-4 nm). Albeit, iridium nanoparticles on 
carbon have previously shown to be inactive for the 
hydrogenation of CO2 under our conditions (Table 1, entry 11). 
XRF analysis reveals the presence of approximately 1 µM iridium 

in a filtrated reaction mixture (see Table S4). These two 
observations suggest that the observed catalytic deactivation 
observed upon recycling can arise from either/both 
decomposition of Ir(III) into nanoparticles or Ir not being strongly 
coordinated to the POP. Yet, the addition of fresh IrCl3•xH2O can 
re-establish the activity showcasing the robustness of the POP 
itself.  
 

Figure 2. STEM images of the used Ir-bpy-PP-POP showing the presence of 
small iridium nanoparticles. 

The observed inability of the corresponding homogeneous 
catalyst systems to replicate the high TON obtained with the POP 
supports the intended heterogeneous nature of the catalyst. 
Nonetheless, homogeneous species which can only be formed in 
the presence of the POP could potentially be catalytically active 
in the hydrogenation. To investigate this possibility, a filtration 
experiment was carried out (Scheme 3). The reaction was 
stopped after 2 hours, filtered to remove the POP from the 
reaction mixture, and started again by refilling with CO2 and H2. 
The very limited activity in the liquid phase shows that the origin 
of the catalytic activity is heterogeneous in nature. 

Scheme 3. Filtration experiment with the obtained yield after either 2 or 24 h at 
140 °C. 

Selective dehydrogenation of formic acid 
The path towards a sustainable and renewable future utilization 
of FA as hydrogen energy carrier requires both the formation and 
selective dehydrogenation of FA. Reports of systems that can 
catalyze both directions are rare and highly attractive.[25] In that 
perspective, we tested if our IrCl3/bpy-PP-POP-system was active 
in the dehydrogenation of FA. In our setup, the dehydrogenation 
of FA is conducted in a continuous vapour phase setup by 
bubbling FA with a stream of nitrogen and passing the saturated 
gas stream over a fixed reactor bed. The yield of H2 is then 
measured while the temperature of the reactor bed is increased. 
Notably, activity was observed at temperatures from 160 °C 
illustrating the potential of our POP as a multifunctional catalyst 
capable of both forming and decomposing FA (Figure 3). 
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Performing the decomposition of FA with minimal formation of CO 
is crucial to avoid poisoning of the state-of-the-art platinum 
catalysts used in the fuel cells, and therefore this reaction is 
typically carried out at low temperatures to get very high 
selectivity.[26] Remarkably, our POP-based system is very 
selective up to 190 °C (CO < 0.01%; Figure S11). 

 Figure 3. Activity plot with the yield of H2 as a function of temperature in the 
decomposition of FA. 

Conclusion 

In summary, we have made a series of polyphenylene-based 
POPs with different ligand types and concentration of the ligand 
in the skeleton of the POP. The POPs are amorphous with 
excellent thermal stability up to at least 400 °C in air. The 
synthesized POPs were assessed in the hydrogenation of CO2 to 
form FA as a renewable hydrogen energy carrier creating a 
neutral carbon balance and utilization the abundant CO2. The 
results show that both ligand type and concentration of the ligand 
affects the catalytic performance. The best catalytic performance 
was observed with bpy-PP-POP which led to a TON >20,000. The 
beneficial effect of incorporating the bipyridine ligand into a POP 
structure was clearly demonstrated with the much lower activity 
achieved for the corresponding homogeneous iridium-bipyridine 
systems. A decrease in activity was observed when recycling the 
catalyst material, however, the activity can be recovered by 
introducing fresh iridium to the reaction mixture, thus 
demonstrating the robustness of the POP. Electron microscopy 
revealed that the most likely deactivation mechanism is formation 
of inactive iridium nanoparticles. Finally, we demonstrated that 
our catalytic system can also selectively decompose FA into H2 
thereby highlighting the potential of POP catalysts in the 
implementation of FA as a renewable energy source. 

Experimental Section 

See supporting information for analytical and synthetic procedures.  
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Heterogeneous molecular catalysts created from porous organic polymers (POPs) is an attractive strategy to form highly active 
catalysts that can easily be reused. In this article, the hydrogenation of CO2 to formic acid was catalysed by an in-situ made 
iridium/POP catalyst providing up to >20,000 TON. The same system was active in the reversible dehydrogenation of formic acid 
enabling the use of formic acid as a liquid organic hydrogen carrier.  
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