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1. Introduction 
 

“Without the low operating costs, high efficiency, high reliability, and great durability of diesel 

engines, it would have been impossible to reach the extent of globalization that now defines the 

modern economy.”[1]  

Newcomen’s invention of the steam engine in 1712[2] ignited the Industrial Revolution. Coal, a 

solid energy carrier that has stored solar power in the Earth’s crust for millions of years, was 

converted into machine power. In the late 19th and early 20th centuries, oil and gas supplanted 

coal, fueling economic growth and driving the development of the internal combustion engine. 

In 1885, Benz introduced the first car.[3] Today, around 83 million vehicles are sold annually 

(2022), 86% of which are powered by gasoline or diesel, emitting greenhouse gases.[4] 

It is not only transportation: Sources of CO2 emissions include energy production (73.2 %), 

industrial processes (5.2 %), and deforestation (18.4 %, Figure 1).[5] The global energy demand 

has increased radically, from 5∙1012 kWh/year (1860) to 1.2∙1014 kWh/year today – more than 

double the Earth's renewable capacity.[6] Consequently, CO2 emissions are climbing rapidly.  

The Earth's overall temperature is expected to rise by more than 1.5 °C in the 21st century. Only 

through drastic changes can global warming be mitigated. The Paris Agreement (2015) aims to 

limit global warming to below 2 °C. This requires a fundamental overhaul of how we generate, 

distribute, and use energy worldwide. 

Reducing CO2 emissions from the energy sector can be achieved by transitioning to renewable 

energy sources. However, these sources are intermittent. To ensure a continuous electricity 

supply, energy storage solutions are crucial. Hydrogen is a versatile storage medium: it can be 

used as a chemical feedstock, be combusted for heat generation, or converted back into 

electricity. Its ability to be stored long-term in tanks or underground caverns makes it one of 

the few green technologies capable of seasonal energy storage.[7] 

 

Figure 1. Overview of global greenhouse gas emissions: Global greenhouse gas emissions by sector, as of 2016 (left).[5] Annual 

CO₂ emissions by world regions from 1750 to 2023 (right).[8] 
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1.1 A Short History of Hydrogen 
 

In the Middle Ages, Paracelsus noted a gas evolution when iron is dissolved in “spirit of 

vitriol”.[9] The separation and identification of the molecule hydrogen dates back to 1671, when 

Boyle produced the gas in an experiment with iron and sulfuric acid. He noted that the gas is 

inflammable but can be burned when air is added.[10] Almost a century later (1766), Cavendish 

generated hydrogen over mercury and defined it for the first time as a distinct element. He 

described the gas as “inflammable air from metals” and did not recognize its actual source, 

namely the acid.[11] During the late 1770s, he conducted experiments with electric discharges 

in hydrogen-oxygen mixtures and observed the production of water. In 1783, Lavoisier finally 

identified the nature of the gas and gave it its current name, composed of the Greek words 

“hydro” for water and “genes” for forming. Meanwhile, human transportation was 

demonstrated using hydrogen in hot-air balloons and hydrogen-filled gas balloons.[9] 

The lightest known element is also the most abundant gas in the universe, accounting for 70-

80 % of the matter in the visible universe.[12] The gas is colorless, odorless, non-toxic, and 

highly combustible. Hydrogen contains about three times the energy per weight as gasoline and 

is already fueling our world. The energy emitted from the sun and other stars comes from 

hydrogen fusion. The sun is mostly made of hydrogen in its plasma state; its hydrogen supply 

is estimated to last for another 5 billion years.[9,13] 

 

Figure 2. Classification of hydrogen based on its production method and the emission intensity.[14] CCS stands for carbon 

capture and storage.  

Despite its abundance in the universe, hydrogen makes up only about 1% of the geosphere. 

There are few natural sources (white hydrogen, Figure 2), and producing hydrogen in its 

elemental form is cumbersome. Industry uses thermochemical conversion of fossil fuels, such 

as steam reforming (blue and gray hydrogen, Figure 2; Eq. 1) and gasification (brown and black 

hydrogen, Figure 2; Eq. 2). These processes are comparably cheap and produce syngas, a 

mixture mainly composed of CO and H2, which is then converted to hydrogen through the 

water-gas shift (WGS) reaction (Eq. 3). Although carbon capture and storage (CCS) can reduce 

CO2 emissions significantly,[15] the state-of-the-art industrial pathways still contribute 

substantially to global CO2 emissions.[14] 
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Alternatively, hydrogen can be generated from water via electrolysis (Eq. 4). The first 

demonstration dates back to 1800, when Nicholson and Carlisle split water by applying an 

electric current, making water the first substance to be electrolyzed.[13] Depending on the 

electricity source, the colors of hydrogen can be classified further (green, purple, yellow, Figure 

2). Green hydrogen is generated solely from renewable energy sources.  

Steam reforming: CH4 + H2O → CO + 3 H2  (1) 

Gasification: 3 C + O2 + H2O → 3 CO + H2 (2) 

Water-gas shift reaction: CO + H2O → CO2 + H2 (3) 

Electrolysis of water: 2 H2O → O2 + 2 H2 (4) 

Vice versa, hydrogen can react with oxygen to generate water and electricity – a fuel cell. The 

forerunner of such a device was presented in 1839 as a “gas voltaic battery” by Sir Grove.[16] 

The term “fuel cell” was first introduced in 1889 by Mond and Langer, who attempted to build 

a practical device that utilized hydrogen from coal gas and air. Nevertheless, interest in this 

technology declined after the invention of the first dynamoelectric generator. This device 

enabled the generation of electric energy from any mechanical energy source.[9,13] 

 

1.2 Storing Renewable Energy in the Hydrogen Cycle 
 

Rising CO2 levels are drastically affecting the world’s climate. The transition from fossil fuels 

to renewable energies can significantly reduce global emissions, which is why the EU launched 

the “European Green Deal” to become the first climate-neutral continent by 2050.[17] Over the 

past two decades, improvements in efficiency and production scale have drastically reduced the 

costs of renewables, making them increasingly competitive with fossil fuels.17] Beyond 

emission reductions, renewable energy technologies diversify the energy supply, enhance 

energy security through local production (independence from oil- and natural gas-producing 

countries), support decentralized and resilient systems, and create new jobs, thereby boosting 

local economies.[19]  

These benefits are reflected in the growing share of renewables across electricity, heat, and 

transportation. Germany obtained 53 % of its electricity from renewable energy sources (RES) 

in 2023 – this corresponds to 273.2 billion kWh of generated electricity and amounts to 

197 million tons of avoided CO₂-equivalent emissions.[20] Wind (onshore: 43 %, offshore: 9 %) 

and solar (23 %) power are the most common technologies. Table 1 provides an overview of a 

wide range of technologies for electricity production that utilize various natural forces.[19]  

Despite many advantages, RES are fluctuating. Their intermittent availability originates from 

the dependence on weather conditions (Table 1). Solar energy, for example, is only available 

during clear daylight hours (Figure 3). However, the electrical grid requires a constant balance 
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between supply and demand. Variability in RES output can lead to frequency deviations or even 

blackouts. These limitations create a problem, as the timing of high energy supply often does 

not align with actual demand. For this reason, efficient energy storage that captures excess 

energy during periods of high generation (green areas in Figure 3) and releases it during periods 

of low production is a key component of an economy based on renewable energy sources.[14] 

Table 1. Renewable energy technologies for electricity production, their intermittency and fluctuation characteristics.[19]  

Energy source Technology  Intermittency Fluctuation 

Wind Wind turbines (onshore and offshore) High Wind speed and weather patterns 

Solar Photovoltaic solar energy conversion High Limited to daylight and affected 

by cloud cover Solar thermal energy conversion 

Biomass Combustion Low Uses stored organic material 

Gasification/power production 

Water Hydropower Moderate Seasonal water flow variations 

Geothermal Geothermal power Low Constant heat source 

Marine Tidal energy Moderate Predictable 

Wave energy Wind speed and weather patterns 

Current energy Wind speed and weather patterns 

Ocean thermal energy conversion Constant 

Salinity gradient/osmotic energy Weather-driven river discharge 

and salinity gradient 

 

Figure 3. Electricity generation from various renewable energy technologies and demand in Germany for the week 34/2024.[21] 

Own illustration, created with ChatGPT.[22] 

Batteries are among the most widespread storage systems, offering high round-trip efficiency 

(< 90 %). They store electric energy from RES via reversible electrochemical reactions and 

enable decentralized, short-term storage.[23] Nevertheless, they have technical shortcomings: 

limited lifespan, reliance on critical raw materials, high weight, temperature sensitivity, and 

environmental concerns from production and recycling, such as hazardous waste and 

greenhouse gases emissions.[14,24] 
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Alternatively, excess electric energy from RES can be stored chemically, e.g., in hydrogen via 

electrolysis of water, where the molecule H2O is split electrochemically into its components, 

hydrogen (H2) and oxygen (O2). Electrolysis is an established technology that produces high-

purity hydrogen. The only impurities are water (> 5 ppm)[25] and oxygen (~ 800 ppm).[26] 

Considering technical losses, systems today have an efficiency of approximately 82 %.[9] 

Hydrogen, with a gravimetric energy density (GED) of 33 kWh/kg, exceeds gasoline 

(12.0 kWh/kg) and diesel fuel (11.9 kWh/kg) by more than a factor of two. [27] The storage and 

use of electrical energy in hydrogen form the foundation of the “hydrogen economy” (Figure 

4),[7] a concept introduced in 1955 by Justi, where hydrogen is used as a secondary energy 

carrier.[13] The cycle includes the production of hydrogen, its storage and release, and finally 

the energy release from hydrogen. Hydrogen is regarded as the most suitable candidate for 

large-scale and long-term storage of renewable energy due to its versatility across various uses. 

It can serve as an energy vector, analogous to fossil fuels, through combustion. Alternatively, it 

can be employed in fuel cells to generate electricity, with water as the only by-product. 

Additionally, hydrogen is a commodity gas and a feedstock for many industrial applications.[28] 

 
Figure 4. Schematic of the hydrogen economy: production of green hydrogen via water electrolysis powered by renewable 

energy; distribution of hydrogen; conversion of hydrogen e.g. in a fuel cell; and finally, utilization of the energy. Own 

illustration, created with ChatGPT.[22] 

Despite their importance for balancing supply and demand, energy storage systems cause 

significant conversion losses. Hydrogen production, compression, transportation, and 

reconversion through a fuel cell can lower the overall round-trip efficiency to below 40 %.[29] 

In contrast, direct use of renewable electricity, e.g. in electric vehicles, can achieve total 

efficiencies above 80 %.[30] Therefore, direct utilization should be prioritized whenever 

feasible, with storage mainly used to manage temporal fluctuations. 

 

1.3 Concepts for Hydrogen Storage 
 

Mission Innovation rates hydrogen as one of the most important sectors for achieving 

decarbonization by 2050.[31] In response, the EU launched the European Clean Hydrogen 

Alliance.[27] Interest in hydrogen is fueled by its high GED suitability for long-distance 

transportation, long-term storage, and compatibility with existing infrastructure.[32] However, 

several hurdles remain: H2 has a low volumetric energy density (VED; 5.6 MJ/L at 700 bar), is 

combustible, volatile, and exhibits the lowest minimum ignition energy, the widest flammability 
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range, and the highest diffusivity of any known fuel (Table 2).[33] A well-functioning hydrogen 

economy requires the energy-efficient, safe, and environmentally friendly production, 

distribution, storage, and utilization of H2. Hydrogen storage can help overcome some of these 

issues.[34]  

Traditionally, hydrogen is stored via physical methods (Figure 5, left) such as compression to 

700 bar (ca. 40 gH2/L), liquefication or cryogenic storage (20 K, ca. 70 gH2/L).[35] All of these 

techniques are energy-intensive (using 30-40% of the energy content), costly, and require 

specialized high-pressure tanks, which raises safety concerns.[40] 

 
Figure 5. Different storage possibilities for green hydrogen and their storage/synthesis conditions.[37–39] 

Physisorption onto materials with large internal surface areas, such as zeolites or metal-organic 

frameworks (MOFs) is a solid-state storage method (Figure 5, middle). MOFs can store and 

release H2 at 100 bar and -196 °C, corresponding to a GED of up to 7.2 MJ/L. However, their 

synthesis is energy-demanding, and long-term operations is limited by air sensitivity and 

structural degradation.[40,41] 

Hydrogen can also be stored chemically via reversible (de)hydrogenation. Solid-state storage 

includes (complex) metal hydrides[42] or metal alanates[43]. Although hydrides have a high 

density, their weight and temperature sensitivity pose problems.[44]  

Liquid chemical storage media (Figure 5, right), also known as liquid organic hydrogen carriers 

(LOHC), enable the use of existing infrastructure for distribution and local storage. (Hetero) 

arenes, such as benzyl toluene, however, require high temperatures (150-300 °C) for hydrogen 

release. Moreover, many of the loaded and/or unloaded carrier molecules are classified as 

carcinogenic, toxic, flammable, or environmentally hazardous.[45,46] 
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Table 2. Physical properties of various energy and hydrogen carriers. 

Category Carrier Storage 

conditions 

H2  

[wt%] 

VED 

[MJ/L] 

GED 

[MJ/kg] 

GHS  Ref 

Fossil 

fuels 

Diesel ambient - 36.0 41.4  
[47] 

Gasoline ambient - 32.4 45.0  
[47] 

Hydrogen H2 (g) ambient 100 0.0108 120  
[48]  

H2 (g) 350 bar 100 2.88 120  
[33] 

H2 (g) 700 bar 100 4.68 120  
[33] 

H2 (l) -253 °C 100 8.28 120  
[33] 

Metal 

hydrides 

LiBH4 ambient 18.5 8.64 22.3  
[33] 

NaAlH4 ambient 7.5 10.08 9.0  
[33] 

LiAlH4 ambient 10.6 12.60 12.6  
[33] 

NaBH4 ambient 10.8 15.5 7.6  
[33,49] 

AlH3 ambient 10.1 17.6 12.2  
[33] 

MgH2 ambient 7.6 15.8 29.2  
[49,50] 

LOHCs Cyclohexane ambient 7.2 6.7 40.2  
[45] 

Methyl-

cyclohexane 

ambient 6.2 5.8 40.6  
[45] 

Decalin ambient 7.3 7.8 -  
[49] 

Small 

molecules 

Ammonia 10 bar, -34 °C 17.8 12.7  18.6  
[49,51] 

Methane ambient 25.1 13.0 29.9  
[33] 

Ethanol ambient 13.1 21.6 27.0  
[47] 

Methanol ambient 12.1 15.1 18.0  
[47] 

Methyl formate ambient 8.4 15.1 15.8  
[52]  

Formic Acid[a]  ambient 4.4 6.4 5.2  
[53] 

KHCO2
[b] ambient 0.65 0.9 -  

[45] 

VED stands for volumetric energy density, GED for gravimetric energy density. [a] pure acid. [b] aqueous solution. 
 

A different approach to liquid hydrogen storage involves the reversible hydrogenation of small 

molecules, such as nitrogen (N2) or carbon oxides (COx), into carriers like ammonia, methanol, 

or methane. Compared to the LOHCs mentioned above, they are non-carcinogenic. CO2 in 

particular is easy to handle, inexpensive, and can be sourced from industrial emissions. In this 

way, carbon dioxide can become an attractive resource. The concept of a hydrogen economy 

based on C1 carriers can drive decarbonization beyond the energy sector. 

 

1.4 Hydrogen Storage based on CO2 and its Analogues 
 

Hydrogen is the key to a low-carbon future. Jules Verne already envisioned water as the coal of 

the future in his novel from 1874, “The Mysterious Island”.[36]  
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Promising liquid hydrogen carriers, such as ammonia or (hetero) arenes, face challenges 

including low hydrogen content, high energy demand, and environmental safety concerns 

(Table 2).  

Despite its environmental impact, CO2 is a renewable C1 source for the production of bulk 

chemicals, such as methanol and formic acid (FA), thereby providing an opportunity to address 

the global issue of rising CO2 levels.[54] Given the low toxicity, mild reaction conditions for 

(de)hydrogenation, and good stability at room temperature, (aqueous) FA and the corresponding 

formate salts are of interest for hydrogen storage technologies.[53,55] 

 

1.4.1 Hydrogen Storage in Formic Acid 
 

Among the possible hydrogen storage materials, FA has emerged as an attractive candidate, due 

to its inherent properties like low toxicity and kinetic stability at room temperature. It is a liquid 

hydrogen carrier with a hydrogen content of 4.4 wt%. This corresponds to 43.8 g of H2 per 

kilogram of pure formic acid.[56]  

Besides, FA is an important (by)product and intermediate in the chemical industry.[57] The 

market size volume was around 995000 tons in 2024.[58] On an industrial scale, formic acid is 

produced from methanol and carbon monoxide, emitting around 3100 tons of CO2 for one ton 

of FA. The production of formic acid from CO2 has gained increased attention, as it could reduce 

product-related greenhouse gas emissions by a factor of 10, especially when green hydrogen is 

applied.[59] The production of FA utilizing cheap and abundant carbon dioxide is particularly 

interesting, as it opens a carbon-neutral cycle. The pathway of storing hydrogen in formic acid 

via CO2 reduction was first suggested in 1978 by the group of Williams.[60] Hydrogen stored in 

FA is 100 % available for conversion, making it very atom-efficient. This contrasts with other 

CO2‐hydrogenation products such as methanol (66 %) and methane (50 %), in which H₂ is lost 

as water. Thermodynamically, the hydrogenation of CO2 is unfavorable when the reaction takes 

place in the gas phase (Eq. 5). The use of a suitable solvent like water or DMSO and the addition 

of a base, e.g. amines or formats, reverses this trend (Eq. 6).  

H2 (g) + CO2 (g) → HCOOH (l) (5) 

∆fH
0 = - 31.2 

kJ

mol
; ∆fS

0 = - 215 
J

mol∙K
; ∆fG

0 = 32.9 
kJ

mol

[61] 

H2 (aq) + CO2 (aq) + B (aq) → HCOO
-
 (aq) + BH+ (aq) (6) 

NH3: ∆fH
0 = - 59.8 

kJ

mol
; ∆fS

0
 = - 81

J

mol∙K
; ∆fG

0
 = - 35.4 

kJ

mol

[61] 

The dehydrogenation of FA (FAD) is exergonic and endothermic (Eq. 7), enabling hydrogen 

release at low temperatures (> 80 °C) and high pressures (> 600 bar). FAD can be promoted by 

the addition of a base, which forms the corresponding formate that undergoes faster 
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decomposition. In addition to the desired FAD to H₂ and CO2, dehydration is also 

thermodynamically possible (Eq. 8). The formation of toxic CO should be prevented, as it can 

shorten the lifetime of catalysts and fuel cells.[62] By developing a suitable catalyst, this side 

reaction can be avoided. 

HCOOH (l) → H
2
 (g) + CO2 (g) (7) 

∆fH
0 = 31.2 

kJ

mol
; ∆fS

0
 = 215 

J

mol∙K
; ∆fG

0
 = - 32.9 

kJ

mol
; Keq(298 K) = 58∙10

5  
kJ

mol

[36] 

HCOOH (l) → H
2
O (l) + CO (g) (8) 

∆fH
0 = 28.7 

kJ

mol
; ∆fS

0 = 138 
J

mol∙K
; ∆fG

0 = - 12.4
kJ

mol

[61] 

FA‐based hydrogen storage is being researched and commercialized for various applications, 

including portable power systems and stationary energy storage. The Dutch company DENS 

for example produces FA-based generators for mobile applications like construction sites. Here 

hydrogen is released from FA and converted in a fuel cell[63] Team FAST, a spin-off from the 

University Eindhoven designs busses powered by FA-based fuel cells.[64] 

 

1.4.2 Hydrogen Storage in Formate Salts 
 

Formic acid is a promising energy carrier, but the decomposition requires careful manipulation 

of the reaction conditions to avoid CO formation and subsequent catalyst intoxication.[53] 

Moreover, the endothermic FAD and the gas purification add to the loss cascade in the H2 

storage and release process. By moving from FA to its salts, the formates, this issue can be 

avoided: hydrogen storage in formates is a reversible process (Eq. 9) with the free energy close 

to zero (e.g. ∆fG
0 = 0 for potassium at 47 °C), meaning slight changes in temperature or 

pressure can easily shift the equilibrium into the desired direction. No side reactions occur, and 

bicarbonate remains in solution after H2 release - simplifying gas purification and rendering the 

formate/bicarbonate cycle carbon‐neutral.[65] Unlike CO2 hydrogenation to formic acid, 

bicarbonate hydrogenation is thermodynamically favored at low temperatures.[65] They can 

either be used as a solid hydrogen storage material or liquid as an aqueous solution. 

MHCO2 (aq) + H2O (l) ⇄ MHCO3 (aq) + H
2
 (g) (9) 

M = K:[35] ∆fH
0 = 19.43

kJ

mol
; ∆fS

0 = 62.43
J

mol∙K
; ∆fG

0 = 1.34
kJ

mol
; Keq(298 K) = 0.58

kJ

mol
 

Although formate salts only have half of the hydrogen storage capacity of FA, they are non-

corrosive, non-irritating and inherently safe,[34] which is why both the loaded and the unloaded 

carrier are being used in the food industry (Formate: E237, E238; bicarbonate: E500-504).  
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There are multiple industrial processes to generate metal and ammonium formates and 

bicarbonates. On an industrial scale, formates are synthesized via direct carbonylation of a base 

or by neutralization of formic acid with the corresponding metal-hydroxide.[49,66] Overall, 

around one million tons of formate are produced per year.[67,68] Bicarbonate is generally 

produced from CO2 and carbonate, e.g., utilizing the Solvay process (sodium bicarbonate), 

aqueous or dry carbonation.[49,69,70].  

Table 3. Physical properties of various formate species. 

Counterion Solubilitymass 

[g/100 mL][a] 

Solubilitymolar 

[mol/100 mL][a] 

Energy density 

[gH2/L][b] 

Price 

[€/kg][c] 

Li+ 39 0.8 11.6 600 

Na+ 81 1.2 16.9 60 

K+ 337 4.0 29.2 80 

Rb+ 554 4.3 22.7 > 5000 

Cs+ 450 2.5 17.3 250 

NH4
+ 143 2.3 21.4 80 

[a] Values at 20 °C for aqueous solutions.[71,72] [b] Energy density was calculated for maximum solubility in water at 20 °C, 

taking the volume of water into account. [c] Prices were calculated for 1 kg and rounded. They can vary in-between different 

suppliers.[73,74] 

VEG of formates depends on the counterion, and only alkali metals and ammonium are 

considered appropriate cations due to their weight.[44] Table 3 compares solubility, hydrogen 

content per liter, and cost. While potassium, rubidium, and cesium formate exhibit high 

maximum mass and molar solubility, lithium dissolves poorly, making it less suitable for H2 

storage technologies. The maximum hydrogen amount in one liter of aqueous solution suggests 

potassium as an ideal candidate. Additionally, sodium, potassium, and ammonium offer 

reasonable prices for a hydrogen carrier.  

Selecting an optimal cation requires balancing storage capacity, availability, toxicity, energy 

demand, and catalytic activity. The companies Hydro X[75] and Akros[76] are currently 

developing sustainable hydrogen storage technologies based on the potassium 

formate/bicarbonate cycle. 

 

1.5 Catalysts for Hydrogen Storage and Release 
 

Homogeneous as well as heterogeneous catalysts can be used for chemical hydrogen storage 

and release, each with distinct advantages (Table 4). Homogeneous catalysts tend to exhibit 

higher activity, selectivity, and repeatability, as well as a well-defined structure. However, they 

are difficult to separate from the reaction solution, often require non-aqueous solvents (higher 

price and toxicity), have higher costs, and exhibit lower resistance to thermal stress and 

oxidation. Heterogeneous catalysts, on the other hand, are often easier to synthesize and more 
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temperature- and oxygen-stable. Furthermore, they are simple to recover and reactivate and are 

applicable in water. On the downside, they tend to lack selectivity, activity, and repeatability.[35] 

Table 4. Opportunities and challenges for homogeneous and heterogeneous catalysis.[35] 

Category Homogeneous Catalyst Heterogeneous Catalyst 

Price High Low 

Synthesis Multiple steps Straight forward 

Repeatability High Low 

Activity and selectivity High Low 

Stability Low High 

Recyclability Possible Easy 

Structure and mechanism Defined Complex 
 

The following chapters provide an overview of existing heterogeneous and homogeneous 

catalyst systems for the charge–discharge reactions in the formic acid/CO₂ and 

formate/bicarbonate cycles, with a particular emphasis on the underlying catalytic cycles and 

catalyst recyclability. 

 

1.5.1. Catalyst Systems for the Formic Acid/CO2 Cycle 
 

Heterogeneous Catalyst Systems: Formic Acid/CO2 Cycle 

FAD in the presence of a heterogeneous catalyst in the form of metal oxides was first reported 

by Sabatier in 1912.[77] In 1935, Farlow and Adkins demonstrated the first synthesis of 

amine/formic acid adducts from CO2, utilizing heterogeneous Raney® Ni.[78] Mainly, dispersed 

palladium, gold, ruthenium, and iridium on supports like activated carbon and metal oxide are 

being used for both half-cycles.[79] 

A lot of attention has been focused on nitrogen-modified carbon supports. The group of Yoon 

applied palladium on graphitic carbon nitride (g-C3N4) for both reactions: the hydrogenation of 

CO2 to formic acid (CH) and the reverse reaction. They suggested that the basic sites of the 

carbon support activate the substrate carbon dioxide (Scheme 1).[80] Utilizing a similar Pd/g-

C3N4 catalyst, Lee and co-workers studied the mechanism of CH. According to their work, 

dihydrogen is activated on Pd, while the support sites are necessary for the activation of CO2; 

meanwhile, the reaction takes place at the interface.[81]  

Cao and his co-workers applied palladium nanoparticles (NP) on flexible pyridinic-N-doped 

carbon hybrids as support materials for CH (Scheme 1). With the catalyst Pd/CN0.25, an 

outstanding turnover number (TON) of 18370 (60 bar H2/CO2 1:1; H2O, NEt3, 100 °C) was 

achieved. High yields in FAD were also reported (turnover frequency (TOF) = 5530 h−1, 25 °C). 

The authors addressed the increased activity to the electronic modification of the support.[82]  
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Highly dispersed palladium nanoclusters immobilized on a nitrogen-functionalized porous 

carbon support from Xu's group exhibited high catalytic activity (TOF = 8414 h–1) and 

recyclability for FAD (15 times). According to the authors, the stability of the catalyst systems 

arises from the confinement of Pd within the pores of the support (Scheme 1).[83] 

The group of Zhang obtained very high activity in the hydrogenation of CO2 with a Schiff-base-

modified Au catalyst supported on SiO2. Here, Au was present in two different forms, clusters 

and single atoms. Again, a mechanism was proposed, including support substrate interaction.[84]
 

The reversible hydrogenation of captured CO2 with Pd/AC was published by the Lin group in 

2018. The hydrogenation of piperidine-captured CO2 in isopropanol/water yielded a TON of 

5540 (27.6 bar H2, 30 °C, 1 h). Full conversion for FAD was reached within 40 min (100 °C). 

Combining both steps, five consecutive charge/discharge cycles were performed without a 

significant loss in activity (Scheme 1).[85] 

Bimetallic systems also garnered considerable interest for both half-cycles. In 2011, Xu's group 

introduced bimetallic Au-Pd catalysts immobilized on MOFs for FAD. Moderate yields, 

recyclability, and high resilience to CO intoxication were reported (Scheme 1).[86]  

Yamashita and colleagues presented highly dispersed PdAg NPs supported on phenylamine-

functionalized mesoporous carbon (MSC) in 2018. This catalyst exhibits good activity in CH 

(TON = 839) and FAD (TOF = 5638 h-1), and can perform at least three cycles (Scheme 1). 

Experimental and theoretical studies have shown that the cooperative action of the basic 

phenylamine groups near the active PdAg NPs is essential for their catalytic activities.[87] The 

same group further developed their catalyst system. In 2020, they published a catalyst based on 

PdAg NPs and polyethyleneimine (PEI), confined in hollow mesoporous organosilica spheres 

(HMOSs) for CO2 hydrogenation. High formate yields were detected (TON = 2700 for 22 h, 

TON = 13700 for 110 h) under mild reaction conditions (20 bar, 100 °C). Thanks to its robust 

design, the catalyst was reusable over five cycles, maintaining high activity due to the protective 

effect and alkali-tolerant properties of HMOSs (Scheme 1).[88] 

Homogeneous Catalyst Systems: Formic Acid/CO2 Cycle 

Several complexes of the noble metals ruthenium, iridium, and rhodium have shown excellent 

catalytic activity for CH and FAD.[54] The first report dates to the 1960s, when the group led by 

Coffey investigated various precious metal complexes bearing mono- and chelating phosphine 

ligands for their capability of FAD. Initial gas release rates of up to 80 mol(H2 + CO2)/L·h (TOF 

≈ 8900 h−1) were attained with an [IrH3(PPh3)3] catalyst in refluxing acetic acid (118 °C).[89] 

Inoue and co-workers continued with testing a series of precious metal complexes in the 

presence of alcohols and amines as co-catalysts for CH. The highest activity (TON = 87) was 

detected for [RuH2(PPh3)4] in benzene/water with NEt3 (50 bar H2/CO2 1:1; rt).[90]  
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Scheme 1. Timeline of heterogeneous (top) and homogeneous (bottom) catalysts for the formic acid/CO2 cycle with a focus on 

(re)cyclability. CH stands for CO2 hydrogenation to FA, and FAD for the dehydrogenation of FA. 

 

Twenty years later, the group of Leitner achieved record activities for CH (TON = 1150) 

utilizing [Rh(COD)Cl]2/dppb (1,1-bis(diphenylphosphino)butane) in DMSO/NEt3 (40 bar 

H2/CO2 1:1; 25 °C).[91] In 1994, they successfully performed 1.5 cycles using the catalyst above 

(Scheme 1).[92] CH results were improved with a screening of a series of phosphine ligands in 

combination with [Rh(COD)(μ-Cl)2]. Applying 1,1-bis-(diphenylphosphino)methane (dppm), 

concentrations of FA of up to 2.58 M were achieved.[93]  

Starting from 2008, FAD as a liquid organic hydrogen carrier was intensively studied.[94,95] 

Laurenczy and colleagues reported the selective decomposition of aqueous FA with 

[Ru(H2O)6](Tos)2 (toluene-4-sulfonate). In a continuous setup, a TON of over 40000 was 

reached (sodium formate; 120 °C, 90 h, no CO).[94,96]  

Beller and co-workers have studied the dehydrogenation of FA−amine adducts. In general, 

amines have a beneficial effect as co-catalysts on the reaction rate. High catalytic activities were 

reported for [RuCl2(PPh3)3] (TOF = 445 h−1)[95] and [RuCl2(C6H6)]2/dppe (1,1-bis(diphenyl-

phosphino)ethane; TOF = 460 h−1)[97] in DMF (40 °C). Initially, FA/NEt3 (5:2) mixtures were 

used.[98] Replacing the volatile base with N,N-dimethylhexylamine improved performances 

(TOF = 900 h−1, TON = 260000).[99,100] Later, the groups of Laurenczy and Beller reported a 
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rechargeable H2 battery based on [RuH2(C6H6)]2/dppe, which was stable for eight cycles 

(Scheme 1).[101]  

A base-free system was introduced by the group of Puddephatt using Ru2(μCO)(CO)4(μ-dppm)2 

(TOF = 500 h−1; acetone, rt).[102] 

The group of Gonsalvi and Beller investigated ruthenium catalysts with the tripodal 

1,1tris(diphenylphosphinomethyl)ethane (triphos). Full conversion in FAD was observed for an 

11:10 FA/DMOA (N,N-dimethyloctylamine) mixture with [Ru(κ3-triphos)(MeCN)3](OTf)2 

(TON = 10000, 6 h). The stability of the catalysts was assessed through recycling, resulting in 

over eight consecutive runs (TTON = 8000, Scheme 1).[103] 

The Himeda group investigated CH in basic aqueous media using catalysts featuring proton-

responsive ligands, allowing for activity tuning and recycling through pH-controlled solubility 

of the complexes (Scheme 1). The highest activity (TOF = 42000 h−1, TON = 222000) was 

reported for [Cp*Ir(dhphen)Cl]Cl (60 bar, H2/CO2 1:1; 120 °C; dhphen: 4,7-dihydroxy-1,10-

phenanthroline). Recycling of the compound was possible by simple filtration, due to pH-

induced precipitation.[104] Analogue systems were applied for FAD, e.g. 

[Cp*Ir(dhbp)(H2O)]SO4 (TOF = 14000 h−1, 2 M FA, 90 °C; 4,4′- dhbp: dihydroxy-2,2′-

bipyridine).[105] Another modified 2,2′-bipyridine (bpy) Cp*Ir complex generated pressures up 

to 1750 bar in a closed vessel.[106] A binuclear iridium complex based on a tetradentate, bridging 

bipyrimidine ligand with four pH-responsive hydroxyl moieties reached a TOF of 228000 h−1 

(90 °C) for FAD.[107]  

Nozaki and co-workers achieved outstanding yields by applying an iridium trihydride PNP 

pincer catalyst for CH in a 1 M aqueous KOH solution in the presence of THF. The TOF 

(150000 h−1; 50 bar H2/CO2 1:1; 200 °C) and TON (3500000; 60 bar H2/CO2 1:1; 120 °C) 

values, respectively represent 1.5-fold and 15-fold improvements to previously reported 

systems. The coordination of the pincer ligand enhances the stability of the metal center.[108]  

Building on pincer chemistry, the group of Pidko reported a highly efficient ruthenium PNP 

complex in 2014 for CH. The base influences the acid-to-amine ratio, but not the rate of formate 

formation. The highest TOF (1100000 h−1) and an AAR (Acid-to-amine ratio) of 1.1 were 

observed in a DMF/DBU (1,8-Diazabicyclo[5.4.0]undec-7-ene) solvent mixture (40 bar 

H2/CO2 3:1; 120 °C).[109] The pincer complex also exhibited high yields for CO2 hydrogenation 

using FA/NEt3 (TOF = 256000 h−1, TON = 706500; DMF, 90 °C) without CO contamination. 

The rate-determining step depends on the nature of the basic additive: applying NEt3, the 

cleavage of the C-H bond turn out to be the limiting step. At the same time, with less 

nucleophilic DBU, H2 formation becomes rate-limiting.[109] Using DBU, a total of ten 

(de)hydrogenation cycles were performed (Scheme 1).[54,109] 

  



 15 

1.5.2. Catalyst Systems for the Formate/Bicarbonate Cycle 
 

Heterogeneous Catalyst Systems: Formate/Bicarbonate Cycle 

The first report for the reduction of sodium bicarbonate using supported palladium dates back 

to the 80s.[110] In 1986, Sasson suggested reversible hydrogen storage in the 

formate/bicarbonate system. Applying a catalyst with 10 wt% Pd, they reported potassium 

bicarbonate conversions up to 27 %. Furthermore, hydrogen release was also possible.[111,112] 

In literature, palladium, stabilized on activated carbon or metal oxides, is mainly used for the 

formate/bicarbonate cycle. The group of García-Fierro performed a comparative study for the 

hydrogenation of sodium bicarbonate with various metals (Pd, Ru, Ni, Co and Re) on activated 

carbon. They demonstrated that the corresponding palladium material not only showed the 

highest activity but also the best long-term stability.[113] 

A rechargeable hydrogen storage system, directed by palladium nanoparticles based on reduced 

graphite oxide (rGO), was established by Cao and colleagues (Scheme 2). This catalyst system 

showed outstanding stability and was used for six consecutive charge/discharge cycles without 

loss of efficiency (M = K+; 1 wt % Pd/r-GO; charge: 40 bar H2, 100 °C; discharge: 80 °C).[114]  

The Lin group investigated the influence of reaction time and salt concentration for 5 wt% 

Pd/AC. Whilst bicarbonate hydrogenation (BH) was possible at rt (M = NH4
+; 96 % yield; 

27.5 bar), higher temperatures were necessary for formate dehydrogenation (FD), leading to 

nearly 100 % conversion. Increasing the salt concentration to 15 M had a positive effect, raising 

the TOF to 5061 h-1 (Scheme 2).[115] 

The group of Asefa reported in 2017 mesoporous carbon-supported palladium nanoparticles 

generated from polyaniline and colloidal silica composites (Scheme 2). After pyrolysis and 

silica removal, ultrasmall nanoparticles were deposited on mesoporous carbon (Pd/PDMC). 

Activities for FD of up to TOF = 2562 h-1 were reported for a 1 M sodium formate solution 

(80 °C). The reverse reaction was possible, too (TON = 1625).[116]  

Bimetallic catalyst systems have shown synergistic effects. The group of Kawanami 

investigated different Pd and Au ratios and found that a 1:1 mixture (Pd0.5Au0.5/PDA-rGO, 

Scheme 2) was the most efficient, with enhanced Pd0 percentage (54 %) and BH yields up to 

94 % (M = K+; 50 °C, 16 h). FD reached a TOF of 1630 h-1 (80 °C).[117]  

Shishido and co-workers reported that Pd-Au alloys were active in both half-cycles, with 

Au10Pd1/AC best for BH (M = NH4
+; TOF = 5820 h−1) and Au1Pd1/AC for FD (TOF = 

4200 h−1). Mechanistically, bicarbonate solely adsorbs on Au, while dihydrogen is adsorbed 

dissociatively on both metals. The nucleophilic hydrogen atom on Pd adds to the carbonyl group 

adsorbed on Au, releasing formate from the surface. The hydrogen on Au adds to the hydroxyl 

group to produce water. Au in the bimetallic alloy becomes more electron-deficient, resulting 



 16 

in an increased Lewis acidity. This allows Au atoms to more strongly withdraw electrons from 

the carbonyl oxygen in adsorbed bicarbonate, facilitating nucleophilic addition of hydrogens 

from electron-rich Pd.[118] 

Building on the research above, Yamashita and co-workers investigated various Pd-M alloys on 

rutile TiO2 (M: Cu, Ni, Fe, Au, Co, and Ag). Again, both charge and discharge reactions were 

tested, and different optimal catalysts were identified for the half-cycles. Alloying with Au, Ni, 

and Ag enhanced the activity in BH (TOF ≈ 2750 h-1), while Pd-Ag improved the activity in 

CH (TON ≈ 700). Activity and stability were increased by a TiOx shell (Ag@Pd@TiOx/TiO2). 

The optimized catalyst achieved a TON of 820 (M = Na+; 30 bar H2, 2 h, 80 °C, Scheme 2) for 

CH aqueous solution. Additionally, dehydrogenation was possible, too (TOF = 6499 h⁻¹; 

75 °C). The shell modification increased the Pd-TiO2 interface area, enhancing catalytic activity 

and reducing CO adsorption. X-ray photoelectron spectroscopy (XPS) analysis revealed 

electron-rich Pd species – analogue to the Pd-Au alloys from above – generated by the TiOx 

shell. The high activity of the catalyst was attributed to electronic effects from Pd-Ag and 

electronic/geometric effects from the Pd-TiO2 interface.[119] 

The group of Ji investigated co-doping of carbon materials with nitrogen and a second 

heteroatom (B, S, or P) and found that 4.7 wt% Pd/N,P–C have better efficiency (M = K+ (4 M), 

TOF = 3246 h-1, 80 °C, 2 h) than single-doped carbon materials. They reasoned that the 

electronic characteristics and surface polarity changed due to the co-doping, and there could be 

a synergistic coupling effect between heteroatoms with different electronegativity.[120] 

 

Homogeneous Catalyst Systems: Formate/Bicarbonate Cycle 

The first reports on homogeneous catalysis for BH can be found in patents from the 1980s.[121] 

The earliest publications date back to the 2000s and applied ruthenium with mono- and 

bidentate phosphine ligands (Joó, Laurenczy and Beller),[122,123] iron with tripodal phosphine 

ligands (Laurenczy and Beller),[124] as well as iridium half-sandwich complexes (Himeda).[125]  

The first reversible system was published in 2011 by the Beller group (Scheme 2). Applying an 

in situ formed catalyst from [RuCl2(benzene)2] and dppm, 1.5 consecutive cycles were 

performed in water-THF/DMF either starting with the hydrogenation of sodium bicarbonate 

(single experiment: TON = 1108, 96 % yield, 70 °C, 20 h) or the dehydrogenation of set formate 

(single experiment: TOF = 2592 h-1, TON = 2000, 60 °C, 3 h).[126] In the same year, Papp, Joó 

and colleagues published the first reversible system (three consecutive cycles, Scheme 2) free 

of organic solvents using [RuCl2(mtppms)2]2 (M = Na; BH: 90 % yield, 83 °C; FD: TOF = 

120 h-1, 80 °C; mtppms: monosulfonated triphenylphosphine).[127] 
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Scheme 2. Timeline of heterogenous (top) and homogeneous (bottom) catalysts for formate/bicarbonate interconversion with 

a focus on (re)cyclability. BH stands for bicarbonate hydrogenation and FD for formate dehydrogenation. B stands for 

bicarbonate and F for formate. The counterions are abbreviated as follows: A: ammonium, P: potassium, S: sodium. 

 

Later, the group of Beller studied Ru-MACHO ({Bis[2-(diphenylphosphino)ethyl] 

amine}carboynlchlorohydridoruthenium(II)) for the hydrogenation of sodium bicarbonate in 

methanol (10 bar H2, 100 °C), achieving a TON of 1420 after 20 h.[128] The group of Sasson 

used the same catalyst in an isopropanol/water mixture and presented four consecutive half-

cycles for BH (Scheme 2).[129] The group led by Olah explored the Ru-MACHO-BH complex 

for sodium formate dehydrogenation, reaching 100 % of hydrogen yield in dioxane-water 

(initial TOF = 430 h-1, 70 °C). They also performed CO2 hydrogenation and formate 

dehydrogenation with said catalyst for six consecutive cycles (Scheme 2).[130] 

Applying the in situ formed pincer catalyst from Ru(acac)3 (acetylacetonate) and triphos yields 

> 90 % of potassium formate, as reported by the group of Li. This system was active in both 

reactions, hydrogenation and dehydrogenation. Three consecutive cycles (discharge, charge) 

were performed without a significant loss in activity Scheme 2).[131]  

Applying an Ir(I)-N-heterocyclic carbene complex as a catalyst, Horváth and Joó presented a 

hydrogen storage system capable of three cycles using a flow system.[132,133] 

These studies collectively highlight significant progress in the development of efficient and 

stable catalyst systems for reversible hydrogen storage with a focus on recyclability and 

reusability.  
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2. Objectives 
 

The transition to a hydrogen-based energy economy requires safe, efficient, and reversible 

hydrogen storage technologies. Among various approaches, chemical storage using CO₂ and its 

derivatives as carrier molecules shows promising potential due to their abundance, low toxicity, 

and ability to achieve carbon neutrality.[112] 

This work aims to develop and evaluate catalytic systems for hydrogen storage and release 

using three carriers: formic acid, potassium formate, and methyl formate. A combination of 

homogeneous and heterogeneous catalysts was examined, with a focus on key performance 

factors such as activity, selectivity, catalyst recyclability, and suitability under industrially 

relevant conditions. The research spans from fundamental studies on the feasibility of methyl 

formate as a liquid hydrogen carrier, including direct CO₂ hydrogenation to methyl formate 

catalyzed by Ru triphos complexes, to the practical implementation of robust hydrogen storage 

systems. These studies involve long-term investigations using heterogeneous Pd-C pellet 

catalysts for reversible hydrogen storage in formate. 

Beyond gaining mechanistic insights and screening catalysts, selected systems were tested in 

collaboration with an industrial partner under scalable and application-relevant conditions. This 

comprehensive approach bridges the gap between academic research and industrial feasibility. 

An overview of all investigated catalyst-carrier combinations is shown in Scheme 3. 

Scheme 3. Investigated catalyst systems and their desired hydrogen storage material. 
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3. Summary of Research Projects 
 

This section highlights the summary of new hydrogen storage systems based on selected 

catalysts for the carriers FA/CO2, formate/bicarbonate, and methyl formate/CO2. Different 

homogeneous and heterogeneous catalysts will be presented, capable of hydrogenating 

CO2/bicarbonate and/or dehydrogenating formic acid/formate.  

 

3.1 Formic Acid Dehydrogenation with Cuboidal PN Molybdenum Sulfide Clusters 
 

Only a few Mo-based catalyst systems for hydrogen storage and release are known. Some 

heterogeneous systems based on carbides,[134,135] nitrides,[136,137] or sulfides[138,139] have been 

reported for FAD, but generally lack selectivity. Homogeneous Mo catalysts for selective FAD 

were reported by Parkin,[140] and later Beller and Junge (Scheme 4).[141] However, these catalyze 

the disproportionation of FA to methanol, with both reaction pathways competing in the absence 

of a base. In contrast, a molybdenum sulfide cluster published by the group of Llusar[142] 

showed high selectivity towards H2 production under base-free conditions. Inspired by these 

findings, we set out to identify more Mo3S4 cluster complexes active in FAD. 

Scheme 4. Literature known homogeneous catalyst systems based on molybdenum for FAD.[143] 

 

Evaluation of Reaction Conditions: Catalyst Screening for Formic Acid Dehydrogenation 

We started our investigation with a broad catalyst screening, summarized in Table 5. The two 

literature-known molybdenum complexes displayed different behavior under basic conditions 

(entries 1 and 2). While the PNP complex Mo-1 was barely active, the activity of the reported 

cluster hydride Mo-2 (entry 3) was improved (TOF 116 h-1[142] vs. 411 h-1). Mo-3, a typical 

cluster precursor, showed little activity in FAD, emphasizing the crucial role of the phosphine 

ligands. Mo-4 and Mo-5 (entries 4 and 5) resulted in similar TON values, Mo-5 presented the 

highest TOF and full conversion within 7 min. Replacing the phenyl substituent in Mo-4 with 

isopropyl (Mo-5) increased the catalytic activity. In general, alkyl-substituted phosphine 

ligands are better σ-donors and thereby increase the electron density at the molybdenum center. 

Moreover, they are less sterically demanding, which can simplify the coordination of a substrate 
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to the metal center. ESI-MS of the reaction solution with Mo-5 detected only the presence of 

the cationic species. No decomposition was observed, emphasizing the stability of the cluster 

compound.  
 

Table 5. Catalyst screening for formic acid dehydrogenation with homogeneous molybdenum complexes.[143] 

 

Entry Catalyst Yield [%] TON TOF10min 

1 Mo-1 2 2 18 

2 Mo-2 99 98 411 

3 Mo-3 25 25 55 

4 Mo-4 98 96 272 

5 Mo-5 >99 98 589 

6 Mo-6 85 84 117 

7 Mo-7 10 10 18 

8 Mo-8 4 4 18 

9 Mo-9 75 75  

10[a] Mo-5 0 - - 

Reaction conditions: 1.0 mmol FA, 0.40 mmol Et3N, 10 µmol catalyst, 1.5 mL PC, 120 °C, 1 h. Gas evolution was monitored 

with manual burettes, corrected by the blank volume and purity was analyzed by gas chromatography (GC); No CO was 

detected (limit < 10 ppm). Experiments were performed at least twice (except entry 2). [a] No base. 
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In the absence of a base, zero conversion was observed, stressing the essential role of the base 

(entry 10). The proposed mechanism for FAD with bifunctional ligands proceeds via a formate 

intermediate. This is why the addition of a base is important for starting a catalytic cycle.[144]  

Clusters Mo-6, Mo-7 and Mo-8 (entries 6-8) are imidazolyl amino clusters with gradually 

methylated NH2-groups. Their catalytic activity decreased in the order of their degree of 

methylation, Mo-6 (TON = 84) > Mo-7 (TON = 10) > Mo-8 (TON = 4). This trend reflects the 

loss of hydrogen bonding ability caused by methylation, which likely impairs substrate 

activation or intermediate stabilization. 
 

Evaluation of Reaction Conditions: Optimization for Mo3S4 Cluster Mo-5 

Having identified the most appropriate cluster, we proceeded to optimize the reaction 

conditions (Table 6). Varying the FA concentration from 1.0-10 mmol (entries 1-3) stepwise 

increased the TON from 98 to 834, while the TOF decreased. This is likely due to a pH increase 

during the reaction. Lowering FA concentration while keeping the absolute amount constant 

(entry 4) significantly improved the catalytic activity. Decreasing the catalyst loading by half 

(entry 5) increased the TON slightly, doubling (entry 6) caused only a two-fold increase of the 

TOF.  

Testing various solvents (entries 7-9) confirmed PC as the most suitable one. Furthermore, 

decomposition of DMSO was observed under the chosen reaction conditions.  

Table 6. Influence of substrate and catalyst amount, as well as different solvents on the catalytic activity of Mo-5. 

Entry FA 

[mmol] 

NEt3 

[mmol] 

Catalyst 

[µmol] 

Solvent 

[mL] 

Yield 

[%] 

TON TOF10min 

[h-1] 

1 1.0 0.40 10 1.5 > 99 98 1472[a] 

2 5.0 2.0 10 1.5 > 99 574 791 

3 10 4.0 10 1.5 84 834 288 

4 10 4.0 10 5.0 > 99 921 546 

5 10 4.0 5.0 5.0 79 1247 368 

6 10 4.0 20 5.0 > 99 493 1251 

7 10 4.0 10 5.0[b] 0 - - 

8 10 4.0 10 5.0[c] 62 622 168 

9 10 4.0 10 5.0[d] 75 751 1118 

Reaction conditions: FA, NEt3, Mo-5, PC, 120 °C, 4 h. Gas evolution was monitored with manual burettes, corrected by the 

blank volume and purity was analyzed by GC; CO content was below the detection limit. Experiments were performed at least 

twice. [a] TOF calculated after 4 min. [b] THF. [c] Toluene. [d] DMSO. 
 

Following, we analyzed the influence of the temperature using the conditions from entry 4 

(Table 6). As expected, lowering the temperature from 120 °C to 105 °C and 90 °C 

subsequently decreased the catalytic activity (Figure 6, left). Applying 120 °C we tested three 

different amine bases, NEt3, DMOA and NMeBu2 (Figure 6, middle). Replacing NEt3 with 

DMOA more than tripled the TOF10min. Finally, we varied the ratio of formic acid to DMOA 
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(Figure 6, right). Lowering the initial ratio to 5:1 decreased activity, while increasing it to 11:10 

resulted in the highest TOF10min (4254 h-1) observed.  

   
Figure 6. Variation of the temperature (left), base (middle) and ratio of FA to DMOA (right). Reaction conditions: 10 mmol 

FA, 4.0 mmol base, 10 µmol Mo-5, 5.0 mL PC, 120 °C, 4 h. Gas evolution was monitored with manual burettes, corrected by 

the blank volume and purity was analyzed by GC; CO content was below the detection limit. Experiments were performed at 

least twice.[143] 

With the optimized reaction conditions established, we evaluated the catalyst’s stability. Using 

10 mmol formic acid and 4.0 mmol DMOA (11:10) in 5.0 mL PC, two consecutive restart of 

FAD were possible, resulting in an overall gas volume of 1.4 L (Figure 7). During a third restart, 

increased loss of activity was noticeable.  

 

Figure 7. Restart experiment with Mo-5. Individual experiments and overall gas evolution. Reaction conditions: 10 mmol FA, 

4.0 mmol DMOA, 10 µmol Mo-5, 5.0 mL PC, 120 °C. Gas evolution was monitored with manual burettes, corrected by the 

blank volume. Purity was analyzed by GC. The CO content was below the detection limit.[143] 

 

Mechanistic Investigation: Formation of the Active Species and Hydrogen Release 

The catalytic cycle starts with the activation of the pre-catalyst Mo-5. NMR studies (Figure 8) 

indicate that the chloride ligands are subsequently replaced with formate ligands, forming active 
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species [Mo₃S₄Cl3-x(OCOH)x(ediPrP)₃]⁺ (with x = 1–3; see Figure 8). From these intermediates, 

β-hydride elimination occurs generates a hydridic cluster and releases CO₂. The resulting metal 

hydride is protonated by a molecule of formic acid, leading to the release of molecular 

hydrogen. At the same time, the formate-substituted cluster is regenerated, thereby completing 

the catalytic cycle. In this mechanism, formic acid acts both as a hydrogen donor and as a proton 

source. The mechanism was further investigated with computational and ESI-MS methods.[143] 

 

Figure 8. NMR study of Mo-5 [Mo₃S₄Cl3-x(OCOH)x(ediPrP)₃]⁺ before (top) and after the addition of FA (bottom). Formate-

substituted complexes are represented by M (mono: x = 1), D (di: x = 2) and T (tri: x = 3).[143] 
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3.2 Formic Acid Dehydrogenation with Palladium on Polymeric Carbon Nitrides 
 

Heterogeneous catalysts are particularly attractive for industrial applications, due to their easy 

separation and recyclability. Palladium supported on carbon is widely used for FAD. Modified 

supports like nitrogen-doped carbon can be used for modulating the electronic properties, e.g., 

altering the Pd particle size or tuning the chemical environment.[145–147] Polymeric carbon 

nitride (PCN) with its high nitrogen content (≤ 60 %), stabilizes metal nanoparticles and single 

centers and enhances the reactivity of the metal sites through Mott-Schottky heterojunctions 

that facilitate charge transfer. Additionally, the basic nitrogen sites are believed to promote 

hydrogen production from FA, rendering the addition of a base unnecessary.[148,149] This study 

explores the synthesis of novel PCN-supported palladium nanoparticles for additive-free FAD. 

 

Synthesis of Heterogeneous Catalyst: PCN-Supported Palladium Nanoparticles 

The PCN support was prepared by calcining a preformed complex between melanin and 

cyanuric acid. Wet impregnation with PdCl2 in 0.5 M HCl was followed by 1 h of sonication 

and 6 h stirring at rt. After solvent evaporation, and drying at 85 °C, the material was annealed 

(Pd-PCN-1; 7.56 wt% Pd) and subsequently reduced at different temperatures (350 °C: Pd-

PCN-2, 7.92 wt% Pd; 500 °C: Pd-PCN-3, 8.42 wt% Pd).  

Aberration-corrected high-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) revealed the coexistence of single centers and particles in Pd-PCN-1 and Pd-

PCN-2, while Pd-PCN-3 exclusively showed particles with an average size of 6 nm. Treatment 

at higher temperatures facilitates migration and agglomeration of Pd atoms leading to a higher 

number of Pd particles and the disappearance of single atoms in Pd-PCN-3.  

XPS revealed the presence of C, N, O, and Pd in all samples, confirming a successful loading. 

While Pd-PCN-1 only presents Pd2+ and Pd4+, Pd-PCN-2 is still highly oxidized with little 

amount of Pd0. Pd-PCN-3 mainly presents Pd0. The quantification of the average Pd charge 

follows the order of Pd-PCN-1 (3.4) > Pd-PCN-2 (2.6) > Pd-PCN-3 (1.1), highlighting the 

stronger interaction of supported Pd with carbon nitride.  

 

Catalytic Screening of Pd-PCN: Formic Acid Dehydrogenation 

Table 7. Initial screening with Pd-PCN catalyst and a commercially available benchmark catalyst. 

Reaction conditions: 10 mmol FA, 10 mL PC and 40 µmol Pd, 110 °C. 

Entry Catalyst Pd [wt%] H2(max) [mL/gcath] H2(max) [mL/gPdh] 

1 Pd/C 5.00 8.90 369 

2 Pd-PCN-1 7.56 284 3775 

3 Pd-PCN-2 7.92 766 9665 

4 Pd-PCN-3 8.42 183 2175 
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Initial screening of the three catalysts was performed in PC at 110 °C (Table 7). All novel Pd-

PCN catalysts outperform a benchmark catalyst from STREM (entry 1), with Pd-PCN-2 

showing the highest activity based on gas release. 

The reaction conditions were optimized for Pd-PCN-2 (Table 8). Among different solvents 

(entries 1-4), toluene has the highest gas release rate. Increasing the temperature from 90 °C to 

120 °C (entries 5-8), resulted in a linear increase in the catalysts’ performance (629 to 

3844 mL/gcat∙h), while results for 130 °C were similar to 120 °C. Varying the acid amount 

showed an optimum for 10 mmol FA (entries 9-11). The influence of a basic additive was also 

investigated (entries 12-17). Sodium formate, unlike p-toluenesulfonic acid increased gas 

release rate, with the highest activity observed for 2.0 mmol sodium formate. No hydrogen 

evolution was observed for sodium formate without the presence of FA.  

Table 8. Optimization of the reaction conditions based on Pd-PCN-2. 

Reaction conditions: 10 mmol FA and 50 mg Pd-PCN-2 (corresponding to 40 µmol Pd), 10 mL solvent.  

Combining all optimized parameters, we investigated the long-term stability of the catalyst in 

a continuous dosage mode, which proved a robust catalyst performance up to 350 h without 

noticeable deactivation. Finally, an overall TTON of 41395 was reached, which is significantly 

better than previously reported Pd-based heterogeneous systems. Analysis of the used catalyst 

with HAADF-STEM confirmed the preservation of the PCN morphology and the supported Pd 

nanoparticles, although a slight increase of the average particle size was observed (from ca. 2.5 

to 3.0 nm).   

Entry Solvent FA 

[mmol] 

Additive T 

[°C] 

H2(max) 

[mL/gcat∙h] 

H2(max) 

[mL/gPd∙h] 

1 Toluene  10 - 110 2068 26090 

2 H2O 10 - 110 1161 14655 

3 Triglyme 10 - 110 1175 14830 

4 p-Xylene 10 - 110 888 11200 

5 Toluene  10 - 90 629 7940 

6 Toluene  10 - 100 1398 17636 

7 Toluene  10 - 120 3844 48485 

8 Toluene  10 - 130 4103 51774 

9 Toluene  2.5 - 120 3550 44799 

10 Toluene  5.0 - 120 3557 44887 

11 Toluene  20 - 120 1702 21473 

12 Toluene  10 NaHCO2 (5 mol%) 120 7171 85463 

13 Toluene  10 p-TsOH (5 mol%) 120 312 3935 

14 Toluene  10 NaHCO2 (10 mol%) 120 8924 112609 

15 Toluene  10 NaHCO2 (20 mol%) 120 14582 183996 

16 Toluene  10 NaHCO2 (30 mol%) 120 9094 114757 

17 Toluene  10 NaHCO2 (50 mol%) 120 8350 105362 
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3.3 Formate/Bicarbonate Interconversion with Ru Pincer Catalysts  
 

The outstanding safety parameters of the formate/bicarbonate system motivated us to identify 

a unified hydrogen and energy storage using the same catalyst and solvent for both half-cycles 

- the hydrogenation of the unloaded carrier and the dehydrogenation of the loaded carrier. 

Homogeneous iridium and ruthenium complexes based on phosphine or pincer ligands have 

been proven to be efficient for this hydrogen storage system. To identify one optimal catalyst 

and solvent system, both half-cycles were investigated separately.  

First, the dehydrogenation of different alkali formates was evaluated (Table 9). Based on our 

recent results,[126] we utilized the in situ system [RuCl2(benzene)]2/dppe. The formate salts of 

lithium (entry 1) and sodium (entry 2) presented the highest hydrogen yields. While rubidium 

(entry 4) and cesium (entry 5) performed well, they are cost-prohibitive. Considering molar 

solubility,[72] H2 purity, and price, potassium (entry 3) emerged as the ideal counterion. 

Table 9. Effect of different cations on the dehydrogenation of formate. 

Reaction conditions: 20 mmol MHCO2, 5.0/30 µmol [RuCl2(benzene)]2/dppe, DMF/H2O (20/5.0 mL), 60 ℃, 6 h. Gas 

evolution was monitored with manual burettes, corrected by the blank volume and purity was analyzed by GC. No CO was 

detected (limit < 10 ppm). All experiments were performed at least twice; average values are shown (St. Dev. < 10 %). 

 

Evaluation of the Half-Cycle: Dehydrogenation of Potassium Formate 

We initiated the optimization of the reaction conditions for FD by conducting a catalyst 

screening (Table 10). In situ systems based on Ru (entries 1-3) showed low performance (yield 

< 15 %). Preformed catalysts performed better: Ru-4 exhibited a TON of 2180 (entry 4), but 

ruthenium pincer complexes showed higher activity (entries 5-8). The catalysts Ru-

PiPrN(H)PiPr (Ru-5), Ru-MACHO (Ru-6), Ru-MACHO-BH (Ru-7) and Milstein´s Ru-

catalyst (Ru-8) reached TONs up to 7110 and H2 yields up to 63 % with a negligible CO2 release 

(≤ 0.5 %). Among iridium complexes, Ir-1 showed promising results (entry 9, 69 % H2 yield, 

TON 7790), the water-soluble Ir-Cp* complexes Ir-2 and Ir-3, which are known to perform 

well in FAD, showed no activity under these basic conditions (entries 10-11).  

 

Entry M+ H2 [%] CO2 [%] Yield [%] TON 

1 Li+ 65 35 96 3820 

2 Na+ 92 8 98 3920 

3 K+ 99.5 0.5 45 1780 

4 Rb+ 90 10 58 2320 

5 Cs+ 97 3 53 2120 
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Table 10. Dehydrogenation of potassium formate with various catalysts.[150] 

 

Reaction conditions: 113 mmol KHCO2, 10 µmol catalyst, DMF/H2O (20/5.0 mL), 60 ℃, 6 h. Gas evolution was monitored 

with manual burettes, corrected by the blank volume and purity was analyzed by GC. No CO was detected (limit < 10 ppm). 

All experiments were performed at least twice; average values are shown (St. Dev. < 10 %). 

Ru-5 was chosen for further optimizations (Table 11). Increasing reaction time afforded almost 

full conversion (entry 1, TON 11260) without an observable rise in the CO2 content. Increasing 

the substrate amount (entry 2) and temperature (entries 3 and 4) further improved the TONs, 

reaching up to 27470. The poor yield in pure water (entry 5) highlights the necessity of an 

organic co-solvent to solubilize the homogeneous catalyst. Among the co-solvents tested 

(entries 6-9), DMF gave the highest yields but was unstable under hydrogenation conditions. 

Sulfolane and triglyme exhibited acceptable activity, too. Continuing, we analyzed the optimal 

triglyme/H2O ratio. Subsequent increase of the water amount (entries 9-14) revealed the highest 

TON for 10 mL triglyme/15 mL water (entry 13, TON 11761, 88 % H2), but an optimal gas 

purity for 15 mL triglyme/10 mL water (entry 10, TON 8342, 92 % H2). Extending reaction 

time achieved comparable results to DMF/H2O (entry 11, TON 24475).  

 

Entry Catalyst H2 [%] CO2 [%] Yield [%] TON H2(max) [mL/h] 

1 Ru-1 99 1 6 1150 30 

2 Ru-2 99 1 14 1580 80 

3 Ru-3 99 1 <1 70 4 

4 Ru-4 99 1 19 2180 90 

5 Ru-5 99.6 0.4 63 7110 330 

6 Ru-6 99.5 0.5 51 5770 500 

7 Ru-7 99.6 0.4 51 5760 420 

8 Ru-8 99.5 0.5 3 350 18 

9 Ir-1 99.5 0.5 69 7790 3600 

10 Ir-2 - - 0 - - 

11 Ir-3 - - 0 - - 
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Table 11. Variation of the reaction conditions for the dehydrogenation of potassium formate with Ru-5. 

Reaction conditions: 10.0 µmol Ru-5. Gas evolution was monitored with manual burettes, corrected by the blank volume and 

purity was analyzed by GC. No CO was detected (limit < 10 ppm). All experiments were performed at least twice; average 

values are shown (St. Dev. < 10 %). 

Long-term stability of the system was demonstrated for the dehydrogenation of potassium 

formate (PF) over 113 h on a 3.00 mol scale with only 3.3 ppm catalyst Ru-5, using 

triglyme/H2O (150 mL/100 mL). Over 55.0 L of gas was released, corresponding to a TON of 

210000 and a yield of 70 % (Figure 9). The catalyst remained active and full conversion can be 

achieved by elongation of the reaction time. The H2 purity remained high (94 %) after the long 

reaction time and no CO was detected. 

 

Figure 9. Long-term stability of the energy storage system. Reaction conditions: 3.00 mol KHCO2, 10.0 µmol Ru-5, 150 mL 

triglyme, 100 mL H2O, 90 ℃, 113 h. Gas evolution was monitored with manual burettes, corrected by the blank volume. Purity 

was analyzed by GC. No CO was detected (limit < 10 ppm).[150]  
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Entry Solvent/H2O 

[x/y mL] 

Formate 

[mmol] 

T 

[°C] 

Time 

[h] 

H2 

[%] 

CO2 

[%] 

Yield 

[%] 

TON H2(max) 

[mL/h] 

1 DMF/H2O (20/5.0) 113 60 13 99.7 0.3 99 11260 400 

2 DMF/H2O (20/5.0) 275 60 13 99.6 0.4 62 17390 600 

3 DMF/H2O (20/5.0) 113 90 6 98 2 > 99 11630 4650 

4 DMF/H2O (20/5.0) 275 90 6 96 4 99 27470 4800 

5 H2O (25) 275 90 6 87 13 12 1210 70 

6 Dioxane/H2O (20/5.0) 275 90 6 84 16 10 2710 600 

7 2-MeTHF/H2O (20/5.0) 275 90 6 78 22 4 1040 300 

8 Sulfolane/H2O (20/5.0) 275 90 6 94 6 89 24610 2100 

9 Triglyme/H2O (20/5.0) 275 90 6 91 9 21 5670 500 

10 Triglyme/H2O (15/10) 275 90 6 92 8 30 8342 500 

11 Triglyme/H2O (15/10) 275 90 50 86 14 89 24475 560 

12 Triglyme/H2O 

(12.5/12.5) 

275 90 6 89 11 32 8827 500 

13 Triglyme/H2O (10/15) 275 90 6 88 12 43 11761 500 

14 Triglyme/H2O (5.0/20) 275 90 6 84 16 38 10341 600 
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Evaluation of the Half-Cycle: Hydrogenation of Potassium Bicarbonate 

BH was investigated starting with a catalyst screening (Table 12) using selected catalysts from 

the previous FD screening. From the tested ruthenium and iridium pincer complexes (entry 1-

4), Ru-PiPrN(H)PiPr (Ru-5) show the highest TON (990) in BH.  

Partial decomposition via reductive cleavage of the amide[151] was detected for DMF, so 

triglyme was selected as a more suitable co-solvent (entry 5). Optimizing the solvent ratio 

(entries 5-9) revealed a clear optimum for 15 mL/10 mL (triglyme/H2O) with a yield of 74 % 

(entry 9, TON 9650). Finally, varying the reaction temperature (entries 10 and 11) confirmed 

90 °C as the optimum.  

Table 12. Hydrogenation of potassium bicarbonate under different reaction conditions. 

Reaction conditions: 100 mL autoclave, 135 mmol KHCO3. 10.0 µmol catalyst, 50 bar H2, 18 h. Yields and TON values were 

determined by 1H NMR using DMSO as an internal standard. All experiments were performed at least twice; average values 

are shown (St. Dev.<10%). 

 

Combination of both Half-Cycles: Demonstration of Hydrogen Storage and Release 

The overall storage capacity of a hydrogen battery relies on both performances: FD of the 

loaded carrier and BH of the unloaded carrier. With Ru-5 identified as an efficient catalyst for 

both half-cycles and a stable solvent system at hand, we set out to demonstrate the cyclability 

of the energy storage system. The individually studied half-cycles were combined using a 

100 mL autoclave in the presence of triglyme/H2O (15 mL/10 mL), KHCO3 (135 mmol), and 

Ru-5 (10.0 µmol). The resulting 40 consecutive cycles are presented in Figure 10. Over six 

months, nearly 50 L of hydrogen with an average purity of 99.5 % was generated. Less than 

10 ppm of carbon monoxide was detected. After a slight drop in activity following the first two 

cycles, high stability in activity and hydrogen yields was achieved (3rd cycle: 1195 mL; 37th 

cycle: 1116 mL). In general, the hydrogen yield can be increased by elongating the reaction 

time (as shown in Table 11). Nevertheless, for our proof of concept, we chose a shorter reaction 

Entry Cat. Solvent/H2O [x/y mL] T [°C] Yield [%] TON 

1 Ru-5 DMF/H2O (20/5.0) 90 7 990 

2 Ru-6 DMF/H2O (20/5.0) 90 6 810 

3 Ru-7 DMF/H2O (20/5.0) 90 7 910 

4 Ir-1 DMF/H2O (20/5.0) 90 4 488 

5 Ru-5 Triglyme/H2O (20/5.0) 90 4 590 

6 Ru-5 Triglyme/H2O (15/10) 90 74 9650 

7 Ru-5 Triglyme/H2O (12.5/12.5) 90 63 8040 

8 Ru-5 Triglyme/H2O (10/15) 90 66 8410 

9 Ru-5 Triglyme/H2O (5.0/20) 90 67 8580 

10 Ru-5 Triglyme/H2O (15/10) 75 50 6650 

11 Ru-5 Triglyme/H2O (15/10) 60 39 4540 
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time to be able to showcase the long-term stability of the system, demonstrating its potential 

for practical applications. 

 

Figure 10. Consecutive hydrogenation and dehydrogenation cycles for the formate/bicarbonate energy storage system using 

Ru-5. Cycles were started with BH: 135 mmol KHCO3, 10 µmol Ru-5, triglyme/water (15 mL/10 mL), 60 bar, 90 °C, 18 h. 

After pressure release, FD was started: 90 °C, 12 h. Gas evolution was monitored with manual burettes, corrected by the blank 

volume. Purity was analyzed by GC. No CO was detected (limit < 10 ppm).[150] 
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3.4 Formate/Bicarbonate Interconversion with Pd/C Eggshell Catalysts  
 

Following Chapter 3.3, we sought to identify an even more robust hydrogen storage system 

applicable for both half-cycles: bicarbonate hydrogenation and formate dehydrogenation. 

Heterogeneous catalysts are generally less expensive, more stable, and easier to separate from 

the final product. As elaborated in the introduction, palladium on carbon is a highly active and 

stable catalyst for the interconversion of formates and bicarbonates. Focusing on industrial 

applicability, we set out to identify active pellet catalysts for aqueous hydrogen storage.  

This chapter focuses on eggshell-type catalysts, in which the metal is concentrated primarily in 

a thin outer surface layer on the support. This design allows products to diffuse quickly away 

from active sites, enhancing reaction selectivity. We limited our investigation to palladium as 

the sole metal and carbon pellet supports and investigated the influence of different synthesis 

parameters. 

 

Synthesis of Heterogeneous Catalysts: Variation of Carbon Pellets 

The Jiang group deposited Pd from Na2PdCl4 on carbon powder and reduced it in situ in the 

presence of citric acid. We adapted this for carbon pellets by adding the aqueous precursor to 

commercial pellets at rt, stirring for 12 h, then filtering, washing, drying, and reduction (5 % 

H2, 200 °C, 2 h). The resulting catalysts and their mass activities for (de)hydrogenation based 

on the actual metal loading are presented in Table 13. 

Table 13. Pd/C catalysts synthesized using different carbon pellet supports and their mass activity. 

Entry Catalyst  Carbon Support Pdtheo 

[wt%] 

Pdmeas 

[wt%] 

Mass activity FD 

[mmol/mgPd∙h] 

Mass activity BH 

[mmol/mgPd∙h] 

1 Pd-C1 AKROS C1 5.00 3.33 1.04 0.15 

2 Pd-C2 COC 4x8 5.00 2.78 1.11 0.10 

3 Pd-C3 AFA-4-1050-S 5.00 1.74 0.99 0.09 

4 Pd-C4 COL 4x8 5.00 3.94 0.65 0.09 

5 Pd-C5 EcoSorb CK1 5.00 3.18 0.72 0.07 

6 Pd-C6 WOS 4x8 5.00 3.65 0.72 0.06 

7 Pd-C7 EcoSorb CE55 5.00 2.70 1.02 0.05 

8 Pd-C8 EcoSorb CE70 5.00 4.91 1.32 0.04 

9 Pd-C9 EcoSorb CK4 5.00 2.79 0.19 0.03 

10 Pd-C10 COLPA 60 5.00 3.19 0.39 0 

11 Pd-C11 AFA-4-dot-S 5.00 0.38 0 0 

12 Pd-C12 Dopetac Sulfo 100 5.00 0.11 0 0 

BH: 5.40 mmol KHCO3, 20.0 mg Pd/C, 1.5 mL H2O, 30 bar H2, 60 °C, 18 h; FD: 250 mmol KHCO2, 7.50 mmol K2CO3, 106 mg 

Pd/C, 25 mL H2O, 60 °C, 3 h. No CO was detected (limit < 10 ppm). All experiments were performed at least twice; average 

values are shown (St. Dev. < 10 %). 

Metal loading and catalytic activity varied widely, suggesting that some supports stabilize the 

Pd shell more effectively. Elementary analysis (EA) and X-ray fluorescence spectroscopy 
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(XRF) showed no clear correlation: carbon content ranged from 72-92 %, and poisons (S, Cl) 

or promoters (K, Ca) appeared in both high- and low-performance catalysts.  

The chemical state of the catalysts was examined via XPS, indicating the presence of the Pd0 

species at 335.2 eV and Pd2+ around 336.9 eV in different ratios depending on the carbon 

support. 

 

Figure 11. Backscattered electron (BSE) images of the cross-section of a well- (Pd-C2; left) and mediocre-performing catalyst 

(Pd-C5; right). Lighter regions on the outer surface correspond to Pd, while dark regions represent carbon.  

Scanning electron microscopy (SEM) revealed key differences between well- and mediocre-

performing catalysts. The well-performing catalyst Pd‐C2 (2.78 wt% Pd), shows a uniform 

surface Pd layer and little Pd in the cross‐section (Figure 11, left), indicating an eggshell-type 

catalyst with consistent shell thickness. In contrast, Pd‐C5 (3.18 wt% Pd), a mediocre-

performing catalyst, has large uncoated regions and inconsistent Pd thickness (Figure 11, right). 

These findings highlight the importance of a uniform surface distribution of palladium. 

 

Synthesis of Heterogeneous Catalysts: Optimization for Pellet Support AKROS C1 

The carbon support AKROS C1 was chosen for optimizations due to its affinity to Pd and the 

high performance of the resulting catalyst. Catalytic activities for selected optimization steps 

are shown in Figure 12. Heat pretreatment of the impregnated carbon support under argon or 

oxygen (Plot A) did not significantly affect the (de)hydrogenation activity, but it improved 

stability, as shown by ICP analysis of fresh and used catalysts. For the reduction temperature, 

200 °C was optimal (Plot B) with reduction time having little effect (Plot C). Impregnation at 

elevated temperature results in lower mass activities normalized to Pd loading but an increased 

actual metal loading (3.23 wt% to 3.52 wt%, Plot D).  
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Figure 12. Optimization steps for catalysts with the carbon support AKROS C1. BH: 5.40 mmol KHCO3, 20.0 mg Pd/C, 1.5 mL 

H2O, 30 bar H2, 60 °C, 18 h. FD: 250 mmol KHCO2, 7.50 mmol K2CO3, 106 mg Pd/C, 25 mL H2O, 60 °C, 3 h. Gas evolution 

was monitored with manual burettes, corrected by the blank volume. Purity was analyzed by GC. No CO was detected (limit 

< 10 ppm). All experiments were performed at least twice; average values are shown (St. Dev. < 10 %). 

Following this, we performed wet impregnation at an elevated temperature and reduced the 

catalysts at 200 °C for 2 h, testing several chelators to increase the viscosity of the impregnation 

solution and prevent precursor crystallization, thereby enabling a homogeneous distribution of 

palladium on the surface. The results from Plot E (Figure 13, top) show that oxalic acid notably 

increased Pd loading. Adding 2.0 eq of oxalic acid enabled uniform distribution of palladium 

for loadings as low as 1.00 wt%, whereas 5.00 wt% were required without the additive (Plot F, 

Figure 13, bottom). This method reduced shell thickness by tenfold, minimized Pd loss, and 

produced a more homogeneous surface, even at low loadings, as confirmed by SEM. The 

observed increase in mass activity at lower loadings suggests that excess metal in thicker shells 

remains inaccessible to the reaction. 1.60Pd-C1-OA (targeting 2.00 wt%) delivered the highest 

FD yields and an outstanding overall coating, so it was included in the analytical study shown 

below.  

Combining the identified optimization steps, AKROS C1 carbon pellets were impregnated with 

2.00 wt% Na2PdCl4 and 2.0 eq of oxalic acid at 60 °C, dried, calcined (200 °C, 2 h) and reduced 

with H2 (200 °C, 2 h). The resulting catalyst Pd-C1-OA-O2 contained 1.81 wt% Pd. 
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Figure 13. Influence of different additives (top) and metal loading on the catalytic activity in the (de)hydrogenation. BH: 

5.40 mmol KHCO3, 20.0 mg Pd/C, 1.5 mL H2O, 30 bar H2, 60 °C, 18 h; FD: 250 mmol KHCO2, 7.50 mmol K2CO3, 106 mg 

Pd/C, 25 mL H2O, 60 °C, 3 h. No CO was detected (limit < 10 ppm). All experiments were performed at least twice; average 

values are shown (St. Dev. < 10 %). 

 

Characterization of Catalysts: Evolution of Catalysts based on AKROS C1 

Using SEM, scanning transmission electron microscopy (STEM), and XPS, we tracked 

structural changes from the initial Pd-C1 (5.00 wt % Pd via wet impregnation at rt, reduction 

with H₂ at 200 °C for 2 h) to the optimized 1.60Pd-C1-OA (2.00 wt% Pd and 2.0 eq OA, 

impregnated at 60 °C, then reduced) and final Pd-C1-OA-O₂ catalysts (same as 1.60Pd-C1-

OA, additional calcination step).  

Pd-C1 already displayed an even metal shell on the support, though its thick Pd crust 

(3.33 wt%) showed some cracks (Figure 14, top, left). SEM of the cross-section confirmed an 

eggshell distribution with no Pd inside the pellet. STEM revealed Pd species ranging from 

single atoms to small clusters (Figure 14, bottom, left) and XPS showed a surface Pd0 to Pd2+ 

ratio of 10:1 (Figure 15, left). Depth measurements showed that the Pd signal peaked after 840 s 

of sputtering, confirming the shell thickness. The Pd0/Pd2+ ratio decreased with depth: Pd0 

dominated the outermost layer (metal–metal bonds), while Pd2+ increased inward (possibly 

coordinated to linkers on the carbon support e.g. oxygen). 

Adding 2.0 eq OA during impregnation allowed us to lower the Pd loading (2.00 wt% Pdtheo) 

while achieving a more uniform surface coating, resulting in 1.60Pd-C1-OA. EDS/SEM 

confirmed Pd particles between 40.0 and 550 nm and STEM found Pd from single atoms to 

tens of nanometers. XPS indicated a lower Pd0/Pd2+ ratio than Pd-C1. The catalytic activity 

indicates that the ratio of Pd0/Pd2+ is important, and a specific amount of Pd2+ can be beneficial, 
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as published by the Bulusheva group[57,152,153]. Their study on FAD identified Pd2+ species as 

the active site. Depth profiling showed an initial increase of Pd0/Pd2+, implying less metallic Pd 

on the surface, followed by a decrease after 2400 s as Pd2+ increased in the subsurface.  

 

Figure 14. Selected BSE-SEM (whole particle; top) and HAADF-STEM (powder; active material scraped off from the pellet 

surface; bottom) images of the initial (left column, Pd-C1, 3.33 wt% Pd), the optimized (center column, 1.60Pd-C1-OA, 

1.60 wt%) and the final catalyst (right column, Pd-C1-OA-O2, 1.81 wt%).  

In Pd-C1-OA-O2 SEM/BSE revealed a fine distribution of the active material with minimal 

cracks, indicating that calcination enhances the stability of the palladium crust. STEM showed 

particle size ranging from large particles (ca. 200 nm) down to clusters and single centers with 

no sintering due to the mild heat treatment. Decreasing the ratio of Pd0/Pd2+ further, the 

microscopic structure of the material remained unaffected. Across the generations of the 

catalyst, activity and Pd2+ increased. By analogy to Masuda et al.[87,119], Pd²⁺ and Pd⁰ may act 

as the electron-deficient and electron-rich partners needed for catalysis. 

 

Figure 15. XPS (whole particle) analysis of the initial (left column, Pd-C1, 3.33 wt% Pd), the optimized (center column, 1.60Pd-

C1-OA, 1.60 wt%), and the final catalyst (right column, Pd-C1-OA-O2, 1.81 wt%). 
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Catalytic Performance: (De)hydrogenation with Pd-C1-OA-O2 

With the optimized catalyst at hand, we wanted to demonstrate its industrial applicability. To 

test scalability, we ran both half-cycles with 106 mg Pd-C1-OA-O2, 250 mmol of the 

corresponding (loaded) hydrogen carrier, and 25 mL of water. In BH, 23 % formate was 

generated, corresponding to a TON of 2550. FD gave rise to 1.14 L of gas (92 % H2, 8 % CO2, 

no CO detected) equivalent to TOF = 3261 h-1. The conversions can be increased by elongation 

of the reaction time. CO2 originates from partial decomposition of bicarbonate to carbonate and 

is expected at high formate concentrations. 

The long-term stability and reusability of the catalyst are crucial for industrial applicability. In 

FD over 73 h, 200 mg of ground Pd-C1-OA-O2 and 200 mmol KHCO2 yielded 1.36 L gas 

(90 % H2, 10 % CO2, 11 ppm CO) initially and 1.57 L gas (93 % H2, 7 % CO2, 18 ppm CO) on 

reuse. CO stems from the decomposition of formate via dehydration.  

 

Figure 16. Recycling of the catalyst Pd-C1-OA-O2 in FD: Gas composition verified via GC every two hours. 200 mg Pd-C1-

OA-O2, 200 mmol KHCO2, 60 °C, 72 h. No CO was detected (limit < 10 ppm). After the reaction, the catalyst was washed, 

dried, and used for a second run.  

For BH, 200.00 mmol KHCO3 were hydrogenated at 60 bars H2 for 18 h using 200 mg of 

ground Pd-C1-OA-O2, resulting in a TON of 1570. After reactivation (filtered, washed, 

calcined, reduced) the same catalysts achieved a similar TON of 1650. Without reactivation, 

activity dropped significantly, indicating that side products, such as CO, adsorb on the catalyst 

surface and must be removed. 

In a fixed-bed reactor with 10 g of Pd-C1-OA-O2, a total of 71 L gas was released (83 % H2, 

17 % CO2) over 10 h. After washing and drying, a second run yielded 82 L gas (81 % H2, 19 % 

CO2) and a third run gave 53 L (84 % H2, 16 % CO2). The deactivation noticeable in the third 

run may arise from reversible blockage by the (intermediate) products like KHCO3. Indeed, 

ICP-OES showed an increase of potassium salts on the used catalyst (fresh catalyst: no K 

detectable, catalyst after 1st run: 1.81 wt% K). Notably, no palladium leaching was detected 

(limit 0.006 wt%). 
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Figure 17. Gas flow for individual runs (left) and overall gas evolution (right) for FD. Reaction conditions: 10 g Pd-C1-OA-

O2, 4 M KHCO2, 0.03 L/min volume flow, 60 °C, 10 h. Gas composition verified via GC every two hours. No CO was detected 

(limit < 10 ppm). After every run, the catalyst was washed and dried.  
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3.5 Direct CO2 Conversion to Methyl Formate with Ru Triphos Complexes 
 

Ruthenium triphos complexes of the type [Ru(Ar-triphos)(TMM)] (TMM = η4-

trimethylenemethane) are active precatalysts for CO2 hydrogenation. They have been reported 

to convert CO2 to FA (Eq. 10),[154] methanol (Eq. 11)[155] and in methanol as (co)solvent, methyl 

format - via esterification of the solvent with in situ generated FA (Eq. 12).[156] Like other C1 

products, methyl formate is an important bulk chemical, and a safe, non-corrosive liquid 

hydrogen storage (8.4 wt% H2). The aqueous dehydrogenation of methyl formate was already 

shown by the groups of Beller (Ru-pincer complex)[157] and Milstein (immobilized Mn-pincer 

complex).[158] However, a direct route for CO2 hydrogenation to methyl formate without the 

addition of methanol remains unknown. 

 

The objective of this project was the direct conversion of CO2 to methyl formate without the 

addition of methanol. Therefore, FA and methanol are synthesized in situ and subsequently 

esterificated (Eq. 13). Different parameters were investigated for this one-pot reaction, results 

are being summarized in a separate manuscript. During the catalyst screening, we managed to 

crystallize and analyze a triphos complex. [(1,1,1-Tris(di(4-methoxyphenyl)phosphlino-

methyl)ethane)(η4–trimethylene-methane)ruthenium] was synthesized according to 

literature.[155] [bis(2-methylallyl)(1,5-cyclooctadiene)ruthenium] was added to a solution of p-

anisyl-triphos in toluene and refluxed for 18 h. After concentration of the solvent and 

precipitation, the solid was washed with acetone, (40 % yield). Crystals were obtained by 

diffusion of diethyl ether into a solution of the compound in dichloromethane. 

At rt, the complex geometry is symmetric as shown by a singlet signal at δ 31.4 ppm in the 

³¹P{¹H} NMR spectrum, indicating the spectroscopic equivalence of the phosphorus atoms in 

solution. The quaternary carbon of the η⁴-trimethylenemethane unit resonates at 107.0 ppm in 

the ¹³C{¹H} NMR spectrum - highly shifted - confirming its η⁴-coordination to the metal. The 

binding mode is further supported by the solid-state structure shown in Figure 18, where the 

Ru-C1 (2.0674(18) Å) distance is shorter than the other Ru-C bonds of the TMM ligand. This 

value is comparable to Ru-C1 bonds of previously reported [Ru(Ar-triphos)(TMM)] 

complexes, such as those with Ar = Ph,[159,160] 4-methylphenyl,[161] and 3,5-dimethylphenyl.[161] 
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Figure 18. ORTEP plots of the solid-state molecular structure of [(1,1,1-Tris(di(4-methoxyphenyl)phosphino-methyl)ethane) 

(η4–trimethylene-methane)-ruthenium(II)] shown from two angles (left: front view; right: top view). Displacement ellipsoids 

are drawn at 50 % probability. Hydrogen atoms and co-crystallized solvent molecules are omitted for clarity. 

The solid-state structure exhibits notable asymmetry in Ru-P bond lengths as well as in the 

corresponding P-Ru-P angles. Whilst the bond lengths between Ru-P1 (2.2787(6) Å) and Ru-

P3 (2.2780(6) Å) are nearly identical, the length of Ru-P2 (2.2988(5) Å) is significantly 

elongated. This deviation suggests an uneven coordination of the p-anisyl-triphos ligand. 

Asymmetry for [Ru(II)(Ar-triphos)(TMM)] complexes is also evident in the P–Ru–P bond 

angles. Two angles are comparable (P1-Ru-P2 = 87.511(19)°, P2-Ru-P3 = 87.931(17)°), 

whereas the third one is enlarged (P3-Ru-P1 = 89.759(17)°). Similar observations have been 

reported for related [Ru(II)(Ar-triphos)(TMM)] complexes, for which selected data is presented 

in Table 14. The unsubstituted complex with Ar = Ph and the substituted one with Ar = 3,5-

dimethylphenyl have one Ru-P bond with a significant length difference. In both examples, one 

bond deviates from the others; however, the deviating bond is shorter in those cases, whereas 

the p-anisyl complex displays an elongation. Likewise, the angles indicate an asymmetry. 

Notably, another literature known complex with Ar = 4-methylphenyl has a symmetric 

structure.  

Table 14. Selected bond lengths and bond angles of [Ru(II)(Ar-triphos)(TMM)] complexes the solid-state structure of which is 

known. Schematic staggered conformation with relative numbering. 

Bond Distances [Å] 4-OMe-Ph Ph[160] Ph[159] 4-Me-Ph[161] 3,5-Me2-Ph[161] 

P1-Ru 2.2787(6) 2.2679(15) 2.2893(5) 2.2757(6) 2.2907(7) 

P2-Ru 2.2988(5) 2.2842(15) 2.2720(5) 2.2757(6) 2.2749(8) 

P3-Ru 2.2780(6) 2.2861(15) 2.2885(5) 2.2757(6) 2.2812(8) 

Bond Angles [°] 

P1-Ru-P2 87.511(19) 89.78(5) 89.606(17) 89.02(2) 90.95(3) 

P2-Ru-P3 87.931(17) 88.03(5) 88.635(15) 89.02(2) 85.77(3) 

P3-Ru-P1 89.759(17) 88.66(5) 87.907(16) 89.02(2) 89.52(3) 
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4. Conclusion and Outlook 
 

In the context of mitigating climate change, we explored CO₂‐derived (liquid) carriers for 

storing and transporting hydrogen safely and efficiently. Utilizing CO2 or (bi)carbonates as 

unloaded hydrogen carriers serves two purposes: valorizing a greenhouse gas and creating a 

safe, energy-dense medium for hydrogen storage. In this context, we investigated three different 

hydrogen carriers – formic acid, potassium formate, and methyl formate.  

Formic acid is an attractive liquid hydrogen carrier due to its significant hydrogen content 

(4.4 wt%) and ability to release H₂ under mild conditions. In this work, we investigated two 

catalyst systems: a homogeneous cuboidal PN Mo₃S₄ cluster Mo-5 and a heterogeneous catalyst 

based on Pd nanoparticles supported on polymeric carbon nitride Pd-PCN-2. Both systems 

demonstrate efficient and selective H₂ evolution with minimal CO impurities, highlighting 

different trade-offs between activity, catalyst stability, and ease of separation. While the 

homogeneous system showed a higher activity (TOF10min = 4254 h-1), the heterogeneous system 

presented a better long-term stability (TTON = 41395, 350 h).  

Formates are another promising hydrogen carrier because they release H₂ under mild conditions 

and are inherently safe. Here, we evaluated two catalyst systems: a homogeneous Ru pincer 

complex Ru-5 and a heterogeneous pellet-based Pd/C catalyst Pd-C1-OA-O2. Both systems 

enable reversible H₂ storage with high purity and low COx content. The homogeneous Ru-5 

achieved exceptionally high TONs (up to 210000 over 113 h) and fast FD kinetics (TOF  ≈ 

 4800 h⁻¹). Notably, the system was stable over six months, resulting in 40 consecutive 

(de)hydrogenation cycles. In contrast, the Pd/C pellets Pd-C1-OA-O2 combine a cost-efficient, 

simple, and scalable synthesis route, easy separation, and compatibility in water – essential 

parameters for industrial applicability. These qualities were proven on a ten-gram scale in a 

fixed‐bed reactor, yielding a total of 180 L H2 gas (30 h). 

Methyl formate, too, is considered a safe liquid hydrogen carrier with 8.4 wt% H2. It can be 

synthesized in a one-pot manner from CO2 with H2 if formic acid and methanol intermediates 

undergo esterification. To enable this direct route, we crystallized and characterized the p-

anisyl-substituted Ru triphos complex. Unlike the symmetric nature in solution at rt, detected 

via NMR, the solid-state structure exhibits slight asymmetry. Its detailed characterization lays 

the groundwork for efficient catalytic testing aimed at synthesizing methyl formate from CO2 

without the addition of methanol.  
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7. Appendix 
 

7.1 List of Abbreviations 

 

AAR    Acid-to-amine ratio 

AB    Ammonium bicarbonate 

AC    Activated carbon 

acac    acetylacetonate 

AF    Ammonium formate 

Ar    Aryle 

BH    Bicarbonate hydrogenation 

bpy    2,2’-Bipyridine 

BSE    Backscattered electron images 

Cat.    Catalyst 

CCS    Carbon capture and storage  

CH    CO2 hydrogenation 

COD    Cyclo-1,5-octadiene 

Cp*    1,2,3,4,5-Pentamethylcyclopentadienyl 

DBU    1,8-Diazabicyclo[5.4.0]undec-7-ene 

dhbp    4,4′-Dihydroxy-2,2′-bipyridine 

dhphen   4,7-Dihydroxy-1,10-phenanthroline 

DMF    Dimenthylformamide 

DMOA   Dimethyloctylamine 

DMSO   Dimethylesulfoxide 

dppb    1,1-Bis(diphenylphosphino)butane 

dppe    1,1Bis(diphenylphosphino)ethane 

dppm    1,1Bis(diphenylphosphino)methane  

EA    Elementary analysis 

ediPrP    2-(diisopropylphosphino)ethylamine 

e.g.    Example 

ESI-MS   Electrospray ionization mass spectrometry 

Eq    Equation 

eq.    Equivalents 

EU    European Union 

FA    Formic acid 

FAD    Formic acid dehydrogenation 

FD    Formate dehydrogenation  

GC    Gas chromatography  

g-C3N4    Graphitic carbon nitride 

GED    Gravimetric energy density 

h    Hour 
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HAADF-STEM  Aberration-corrected high-angle annular dark-field scanning 
    transmission electron microscopy  

HMOS   Hollow mesoporous organosilica sphere 

ICP-OES   Inductively coupled plasma-optical emission spectrometry 

LOHC    Liquid organic hydrogen carriers 

MeCN    Acetonitrile 

MOF    Metal-organic framework 

MSC    Mesoporous carbon 

mtppms   Monosulfonated triphenylphosphine 

NEt3    Triethylamine 

NP    Nanoparticle 

OA    Oxalic acid 

OAc    Acetate 

OTf    Trifluoromethanesulfonate 

PB    Potassium bicarbonate 

PC    Propylene carbonate 

PCN    Polymeric carbon nitrides 

PDA-rGO   Phenylenediamine-alkalized reduced graphene oxide 

PEI    Polyethyleneimine 

PPh3    Triphenylphosphine  

RES    Renewable energy sources 

Ru-MACHO ({Bis[2-(diphenylphosphino)ethyl]amine}carbonyl 
chlorohydridoruthenium(II) 

PF    Potassium formate 

p-TsOH   p-toluenesulfonic acid 

rGO    Reduced graphite oxide 

rt    Room temperature 

SB    Sodium bicarbonate 

scCO2    Supercritical carbon dioxide  

SF    Sodium formate 

SEM    Scanning electron microscopy 

St. Dev.   Standard deviation 

STEM    Scanning transmission electron microscopy 

THF    Tetrahydrofurane 

TMM    η4-Trimethylenemethane 

TOF    Turnover frequency  

TON    Turnover number 

Tos    Toluene-4-sulfonate 

TPPTS   Trisodium 3,3′,3′′-phosphanetriyltri(benzene-1-sulfonate) 

triphos   1,1tris(diphenylphosphinomethyl)ethane 

TTON    Total turnover number 

VED    Volumetric energy density 
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WGS    Water-gas shift reaction  

XPS     X-ray photoelectron spectroscopy 

XRF    X-ray fluorescence spectroscopy 
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Figure 14. Selected BSE-SEM (whole particle; top) and HAADF-STEM (powder; active 

material scraped off from the pellet surface; bottom) images of the initial (left column, Pd-C1, 

3.33 wt% Pd), an optimized (center column, 1.60Pd-C1-OA, 1.60 wt%) and the final catalyst 
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 116 

 

 


