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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.”!]

Newcomen’s invention of the steam engine in 1712 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.l*! Today, around 83 million vehicles are sold annually

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

It is not only transportation: Sources of CO; emissions include energy production (73.2 %),
industrial processes (5.2 %), and deforestation (18.4 %, Figure 1).°! The global energy demand
has increased radically, from 5-10'2 kWh/year (1860) to 1.2:10'* kWh/year today — more than
double the Earth's renewable capacity.[! Consequently, CO, 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 CO; 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.!”]

Industrial provisst
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Figure 1. Overview of global greenhouse gas emissions: Global greenhouse gas emissions by sector, as of 2016 (left).[’] Annual
CO: emissions by world regions from 1750 to 2023 (right).[¥



1.1 A Short History of Hydrogen

In the Middle Ages, Paracelsus noted a gas evolution when iron is dissolved in “spirit of
vitriol”.”) 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.['”) 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.[''! 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."’

The lightest known element is also the most abundant gas in the universe, accounting for 70-
80 % of the matter in the visible universe.l'”l 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."":!%]
Natura ll origin Pyrolysis: Electrolysis: Pyrolysis: Gasification:
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Figure 2. Classification of hydrogen based on its production method and the emission intensity."" 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 H», which is then converted to hydrogen through the
water-gas shift (WGS) reaction (Eq. 3). Although carbon capture and storage (CCS) can reduce

[15]

CO: emissions significantly, the state-of-the-art industrial pathways still contribute

substantially to global CO> emissions.!'*!



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.!'¥) 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;: CH; +H,0 —-CO+3H, (1)
Gasification: 3C+0,+H,0—->3CO+H, (2)
Water-gas shift reaction: CO+H,0 — CO, +H, 3)
Electrolysis of water: 2H,0—-0,+2H, 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.['®]
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.-3]

1.2 Storing Renewable Energy in the Hydrogen Cycle

Rising COz 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.!'”) 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.'”’ 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.!”]

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.?°! 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.!'"!

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



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./’¥/

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
Solar thermal energy conversion by cloud cover

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

Electricity Generation from Renewables vs. Electricity Demand - Germany, Week 34/2024

Solar
- Wind {onshore)
Wwind (offshore)
—=—- Hydropower
- Biomass
= Total renewables
—— Electricity demand
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Figure 3. Electricity generation from various renewable energy technologies and demand in Germany for the week 34/2024.124
Own illustration, created with ChatGPT.[??

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.[>>! 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.!*?#



Alternatively, excess electric energy from RES can be stored chemically, e.g., in hydrogen via
electrolysis of water, where the molecule H>O 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)?! and oxygen (~ 800 ppm).l®
Considering technical losses, systems today have an efficiency of approximately 82 %."]
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. (2”1 The storage and
use of electrical energy in hydrogen form the foundation of the “hydrogen economy” (Figure
4),'V a concept introduced in 1955 by Justi, where hydrogen is used as a secondary energy
carrier.!'3] 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.?®]

0, H,

- il - iz -

Electricity Hydrogen Hydrogen Electricity Energy
generation generation distribution generation utilization

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.[?%

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 %.!%°!
In contrast, direct use of renewable electricity, e.g. in electric vehicles, can achieve total
efficiencies above 80 %.0% 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." In response, the EU launched the European Clean Hydrogen
Alliance.””) Interest in hydrogen is fueled by its high GED suitability for long-distance
transportation, long-term storage, and compatibility with existing infrastructure.'*? However,
several hurdles remain: H> 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



range, and the highest diffusivity of any known fuel (Table 2).1*! A well-functioning hydrogen
economy requires the energy-efficient, safe, and environmentally friendly production,
distribution, storage, and utilization of H,. Hydrogen storage can help overcome some of these
issues.3

Traditionally, hydrogen is stored via physical methods (Figure 5, left) such as compression to
700 bar (ca. 40 gH/L), liquefication or cryogenic storage (20 K, ca. 70 gHa/L).33! 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.*’!

H, (g)
|

Ap, T| MOFs, | Additives, (Hetero)| Catalyst,

Zeolites | Ap, T| Arenes, | AT

N,, CO,

o Ye Yo Xe) :

o bhH? 2

9OV 0 z
Compression, liquification Adsorption or (LYOHC: cycloalkanes,

Or cryo-compression metal-hydrides ammonia, methanol

Figure 5. Different storage possibilities for green hydrogen and their storage/synthesis conditions.37-3°

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 Hz 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.[*04!]

Hydrogen can also be stored chemically via reversible (de)hydrogenation. Solid-state storage
includes (complex) metal hydrides*?! or metal alanates**. Although hydrides have a high
density, their weight and temperature sensitivity pose problems.**

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.*>4¢]



Table 2. Physical properties of various energy and hydrogen carriers.

Category Carrier Storage H> VED GED GHS Ref
conditions [wt%] [MJ/L] [MJ/kg]
Fossil Diesel ambient - 36.0 41.4 OSSR [47)
fuels Gasoline ambient - 32.4 45.0 &SO® [47)
Hydrogen  H (g) ambient 100 0.0108 120 O (48]
H: (g) 350 bar 100 2.88 120 He (33]
H () 700 bar 100 4.68 120 & [33]
Ha (1) =253 °C 100 8.28 120 ®E (331
Metal LiBH4 ambient 18.5 8.64 22.3 BHBE 3]
hydrides NaAlH, ambient 75 10.08 9.0 BB (331
LiAlH, ambient 10.6 1260 126 BE> (331
NaBH, ambient 10.8 15.5 7.6 SO (33.:49]
AlH; ambient 10.1 17.6 12.2 B> (5
MgH, ambient 7.6 15.8 29.2 X0 [49,50]
LOHCs Cyclohexane ambient 7.2 6.7 40.2 @@@@ [43]
Methyl- ambient 6.2 5.8 40.6 HGSO® [43]
cyclohexane
Decalin ambient 7.3 7.8 - @@@@ (4]
Small Ammonia 10 bar, -34°C  17.8 12.7 18.6 LGS [49,51)
molecules  Methane ambient 25.1 13.0 29.9 B 331
Ethanol ambient 13.1 21.6 27.0 OO 471
Methanol ambient 12.1 15.1 18.0 OO [47)
Methyl formate ~ ambient 8.4 15.1 15.8 OXO 521
Formic Acid® ambient 4.4 6.4 52 BB [33]
KHCO,®] ambient 0.65 0.9 - [43]

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. CO: 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 C; carriers can drive decarbonization beyond the energy sector.

1.4  Hydrogen Storage based on CO> 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”.[*®]



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, CO> is a renewable C; 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 CO> levels.’* 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.[>*]

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 Hz per

kilogram of pure formic acid.!¢!

Besides, FA is an important (by)product and intermediate in the chemical industry."”! The
market size volume was around 995000 tons in 2024.5% On an industrial scale, formic acid is
produced from methanol and carbon monoxide, emitting around 3100 tons of CO> for one ton
of FA. The production of formic acid from CO; has gained increased attention, as it could reduce
product-related greenhouse gas emissions by a factor of 10, especially when green hydrogen is
applied.l® 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 COz reduction was first suggested in 1978 by the group of Williams.!®”) Hydrogen stored in
FA is 100 % available for conversion, making it very atom-efficient. This contrasts with other
CO»-hydrogenation products such as methanol (66 %) and methane (50 %), in which Hz is lost
as water. Thermodynamically, the hydrogenation of CO> 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).
H, (g) + CO, (g) — HCOOH (1) 4)

0__ LU U J . 0_ K 1613
AH=-312 — A8’ =-215 —— AG" =329 —

H, (aq) + CO, (aq) + B (aq) — HCOO™ (aq) + BH" (aq) (6)
NH:: AH” =-59.8 —1 AS” =81 ——: AG" =-35.4 —L°1

mol-K’

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

8



decomposition. In addition to the desired FAD to H. and CO., 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.[®?! By developing a suitable catalyst, this side

reaction can be avoided.

HCOOH (1) - H, (g) + CO, (g) (7)
AH® =31 2 — Afso 215 —— AG" =-32. 9 Keq(298 K) = 58-10° %[36]

HCOOH (1) — H,0 (1) + CO (g) (8)
AH® =28. 7 Afso =138 —— AG’ = 12.4%[611

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'®*! Team FAST, a spin-off from the

University Eindhoven designs busses powered by FA-based fuel cells.[®!

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.!>*!
Moreover, the endothermic FAD and the gas purification add to the loss cascade in the H»
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. AG" =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 Hz release - simplifying gas purification and rendering the
formate/bicarbonate cycle carbon-neutral.[®>! Unlike CO, hydrogenation to formic acid,
bicarbonate hydrogenation is thermodynamically favored at low temperatures.'® They can

either be used as a solid hydrogen storage material or liquid as an aqueous solution.
MHCO, (aq) + H,0 (1) 2 MHCO;s (aq) +H, (g) 9)

M = KB AH® = 19.43 -0 AS° = 62,43 ——: AG” = 1.34 - K, (298 K) = 0.58 —

Although formate salts only have half of the hydrogen storage capacity of FA, they are non-
corrosive, non-irritating and inherently safe,** which is why both the loaded and the unloaded
carrier are being used in the food industry (Formate: E237, E238; bicarbonate: E500-504).



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.*>-%! Overall,
around one million tons of formate are produced per year.[®”®8] Bicarbonate is generally
produced from CO, and carbonate, e.g., utilizing the Solvay process (sodium bicarbonate),

aqueous or dry carbonation.[#%¢%-70],

Table 3. Physical properties of various formate species.

Counterion Solubilitymass Solubilitymolar Energy density Price
[g/100 mL]™ [mol/100 mL]! [gH2/L]®! [€/kg]'

Li* 39 0.8 11.6 600

Na* 81 1.2 16.9 60

K" 337 4.0 29.2 80

Rb* 554 43 22.7 > 5000

Cs* 450 2.5 17.3 250

NH,* 143 23 21.4 80

[a] Values at 20 °C for aqueous solutions.!”!"7?! [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.[7>74

VEG of formates depends on the counterion, and only alkali metals and ammonium are
considered appropriate cations due to their weight.[** 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!°! and Akros!! 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.[**]

Table 4. Opportunities and challenges for homogeneous and heterogeneous catalysis.[3!

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/CO:. 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/CO; Cycle

Heterogeneous Catalyst Systems: Formic Acid/CO:z Cycle

FAD in the presence of a heterogeneous catalyst in the form of metal oxides was first reported
by Sabatier in 1912.771 In 1935, Farlow and Adkins demonstrated the first synthesis of
amine/formic acid adducts from CO», utilizing heterogeneous Raney® Ni.l”8) Mainly, dispersed
palladium, gold, ruthenium, and iridium on supports like activated carbon and metal oxide are

being used for both half-cycles.”!

A lot of attention has been focused on nitrogen-modified carbon supports. The group of Yoon
applied palladium on graphitic carbon nitride (g-C3Na) for both reactions: the hydrogenation of
CO: 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).1%% Utilizing a similar Pd/g-
C3Ny 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 COz;

meanwhile, the reaction takes place at the interface.!!]

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/CNo.2s, an
outstanding turnover number (TON) of 18370 (60 bar Ho/CO; 1:1; H>O, NEt3, 100 °C) was
achieved. High yields in FAD were also reported (turnover frequency (TOF) = 5530 h™!, 25 °C).

The authors addressed the increased activity to the electronic modification of the support.[®?]
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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™!) 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).133]

The group of Zhang obtained very high activity in the hydrogenation of CO> with a Schiff-base-
modified Au catalyst supported on SiO;. Here, Au was present in two different forms, clusters
and single atoms. Again, a mechanism was proposed, including support substrate interaction.[®*!
The reversible hydrogenation of captured CO2 with Pd/AC was published by the Lin group in
2018. The hydrogenation of piperidine-captured CO: in isopropanol/water yielded a TON of
5540 (27.6 bar Ha, 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).8%!

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).36!

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!), 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.’”! 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 CO> 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).1%8]

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.¥ 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+ CO)/L-h (TOF
~ 8900 h™!) were attained with an [IrH3(PPhs)s] catalyst in refluxing acetic acid (118 °C).[¥]
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(PPhs)s] in benzene/water with NEt; (50 bar Ho/CO; 1:1; rt).P%
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Scheme 1. Timeline of heterogeneous (top) and homogeneous (bottom) catalysts for the formic acid/CO: cycle with a focus on
(re)cyclability. CH stands for CO: hydrogenation to FA, and FAD for the dehydrogenation of FA.
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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/NEt; (40 bar
H2/COz 1:1; 25 °C).P" In 1994, they successfully performed 1.5 cycles using the catalyst above
(Scheme 1).°?! CH results were improved with a screening of a series of phosphine ligands in
combination with [Rh(COD)(u-Cl),]. Applying 1,1-bis-(diphenylphosphino)methane (dppm),
concentrations of FA of up to 2.58 M were achieved.[**]

Starting from 2008, FAD as a liquid organic hydrogen carrier was intensively studied./****!

Laurenczy and colleagues reported the selective decomposition of aqueous FA with
[Ru(H20)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).*+%

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 [RuClo(PPhs)s] (TOF =445 h™1)®) and [RuCla(C¢Hs)]2/dppe (1,1-bis(diphenyl-
phosphino)ethane; TOF = 460 h )7l in DMF (40 °C). Initially, FA/NEt; (5:2) mixtures were
used.”®] Replacing the volatile base with N,N-dimethylhexylamine improved performances
(TOF =900 h™!, TON = 260000).°>1%1 Later, the groups of Laurenczy and Beller reported a
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rechargeable H» battery based on [RuH2(CsHe)]2/dppe, which was stable for eight cycles
(Scheme 1).1101

A base-free system was introduced by the group of Puddephatt using Ru(uCO)(CO)4(p-dppm)2
(TOF =500 h™!; acetone, rt).['%?!

The group of Gonsalvi and Beller investigated ruthenium catalysts with the tripodal
1, Itris(diphenylphosphinomethyl)ethane (triphos). Full conversion in FAD was observed for an
11:10 FA/DMOA (N,N-dimethyloctylamine) mixture with [Ru(ic-triphos)(MeCN);](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).!%!

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™!, TON = 222000) was
reported for [Cp*Ir(dhphen)Cl]Cl (60 bar, Ho»/CO, 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.['%
[Cp*Ir(dhbp)(H20)]SO4 (TOF = 14000 h™!, 2 M FA, 90 °C; 4,4'- dhbp: dihydroxy-2,2'-

bipyridine).['%! Another modified 2,2'-bipyridine (bpy) Cp*Ir complex generated pressures up

Analogue systems were applied for FAD, e.g.

to 1750 bar in a closed vessel.'%! A binuclear iridium complex based on a tetradentate, bridging
bipyrimidine ligand with four pH-responsive hydroxyl moieties reached a TOF of 228000 h™!
(90 °C) for FAD.['7]

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™!; 50 bar H»/CO> 1:1; 200 °C) and TON (3500000; 60 bar H»/CO> 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.!%®]

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™!) and an AAR (Acid-to-amine ratio) of 1.1 were
observed in a DMF/DBU (1,8-Diazabicyclo[5.4.0Jundec-7-ene) solvent mixture (40 bar
H,/CO; 3:1; 120 °C).l"%1 The pincer complex also exhibited high yields for CO> hydrogenation
using FA/NEt; (TOF = 256000 h™!, TON = 706500; DMF, 90 °C) without CO contamination.
The rate-determining step depends on the nature of the basic additive: applying NEts, the
cleavage of the C-H bond turn out to be the limiting step. At the same time, with less
nucleophilic DBU, H> formation becomes rate-limiting.'%! Using DBU, a total of ten

(de)hydrogenation cycles were performed (Scheme 1).[3%1%]
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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.''' 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.!!!!:112]

In literature, palladium, stabilized on activated carbon or metal oxides, is mainly used for the
formate/bicarbonate cycle. The group of Garcia-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.!!13]

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 H, 100 °C; discharge: 80 °C).l!'!4]

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'! (Scheme 2).1!!°]

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'! 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 (Pdo.sAuo.s/PDA-rGO,
Scheme 2) was the most efficient, with enhanced Pd° percentage (54 %) and BH yields up to
94 % (M = K; 50 °C, 16 h). FD reached a TOF of 1630 h™! (80 °C).!!!7]

Shishido and co-workers reported that Pd-Au alloys were active in both half-cycles, with
AuioPdi/AC best for BH (M = NH4*; TOF = 5820 h'!) and AuiPdi/AC for FD (TOF =
4200 h™!). 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

15



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.l'!8!

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'!), while Pd-Ag improved the activity in
CH (TON = 700). Activity and stability were increased by a TiOx shell (Ag@Pd@TiOx/TiO»).
The optimized catalyst achieved a TON of 820 (M = Na'; 30 bar H», 2 h, 80 °C, Scheme 2) for
CH aqueous solution. Additionally, dehydrogenation was possible, too (TOF = 6499 h™';
75 °C). The shell modification increased the Pd-TiO; 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-TiO; interface.[!!”]

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', 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.!?’l

Homogeneous Catalyst Systems: Formate/Bicarbonate Cycle

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

The earliest publications date back to the 2000s and applied ruthenium with mono- and
bidentate phosphine ligands (Joo, Laurenczy and Beller),!**!%) iron with tripodal phosphine

ligands (Laurenczy and Beller),!'**) as well as iridium half-sandwich complexes (Himeda).!'?!

The first reversible system was published in 2011 by the Beller group (Scheme 2). Applying an
in situ formed catalyst from [RuCly(benzene):] 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'!, TON = 2000, 60 °C, 3 h).[?! In the same year, Papp, Joo
and colleagues published the first reversible system (three consecutive cycles, Scheme 2) free
of organic solvents using [RuClL(mtppms)2]> (M = Na; BH: 90 % yield, 83 °C; FD: TOF =
120 h'!, 80 °C; mtppms: monosulfonated triphenylphosphine).[!?”]
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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.
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Later, the group of Beller studied Ru-MACHO ({Bis[2-(diphenylphosphino)ethyl]
amine} carboynlchlorohydridoruthenium(Il)) for the hydrogenation of sodium bicarbonate in
methanol (10 bar Ha, 100 °C), achieving a TON of 1420 after 20 h.['?8] The group of Sasson
used the same catalyst in an isopropanol/water mixture and presented four consecutive half-
cycles for BH (Scheme 2).['*) 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 =430h!, 70°C). They also performed CO, hydrogenation and formate

dehydrogenation with said catalyst for six consecutive cycles (Scheme 2).[!3"]

Applying the in situ formed pincer catalyst from Ru(acac); (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, Horvath and Jod presented a

hydrogen storage system capable of three cycles using a flow system.!!3213]

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 CO: and its
derivatives as carrier molecules shows promising potential due to their abundance, low toxicity,

and ability to achieve carbon neutrality.[!!?!

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 CO: 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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Work in progress.
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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/CO», formate/bicarbonate, and methyl formate/CO,. Different
homogeneous and heterogeneous catalysts will be presented, capable of hydrogenating

COa/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,**!3] nitrides,[1*137) or sulfides!!3*!*] have been
reported for FAD, but generally lack selectivity. Homogeneous Mo catalysts for selective FAD
were reported by Parkin,['*? and later Beller and Junge (Scheme 4).[1*!) 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(!4?
showed high selectivity towards H> 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.[/#3/
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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'l!4?1 ys_ 411 h'!). 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 o-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.['#]
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" \’\> Cl
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Mo-1
Mo-2
Mo-3
Mo-4
Mo-5
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Mo-7
Mo-8
Mo-9
1004 Mo-5
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98 96
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0 -

'/Z} “1cl

\\/s\s N
(\)\/NHz Cl N~

/ Mo-6
HN™ N\~
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18
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18
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Reaction conditions: 1.0 mmol FA, 0.40 mmol Et;N, 10 pmol 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.['44]

Clusters Mo-6, Mo-7 and Mo-8 (entries 6-8) are imidazolyl amino clusters with gradually
methylated NH»-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 M03S4 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 NEt; Catalyst Solvent Yield TON TOF10min
[mmol] [mmol] [pmol] [mL] [%] [h]

1 1.0 0.40 10 1.5 >99 98 14721

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 0 - -

8 10 4.0 10 5.0[] 62 622 168

9 10 4.0 10 5.00 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, NEt;, DMOA and NMeBu, (Figure 6, middle). Replacing NEt; with
DMOA more than tripled the TOF1omin. 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 TOF1omin (4254 h!) observed.

Temperature Base Ratio FA:DMOA
——105°C —#—DMOA 11:10
500 120 °C 500 NMeBu, :
PPN 500
— 400 — 400 =)
- = = 400
z Z E
5 300 5 300 9
£ 300
E E E
S 200 S 200 S 500
3 2 g
S 100 3 100 © 100
0 4 0 o 0 o
30 60 90 120 0 30 60 0 50
Time [min] Time [min] Time [min]

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 umol 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.['#]

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.
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Figure 7. Restart experiment with Mo-5. Individual experiments and overall gas evolution. Reaction conditions: 10 mmol FA,
4.0 mmol DMOA, 10 umol 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.[%3]

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 [Mo03SsClsx(OCOH)x(ed’PrP)s]" (with x = 1-3; see Figure 8). From these intermediates,
[S-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.'#*!
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Figure 8. NMR study of Mo-5 [MosS+Cl5..(OCOH).(ed'PrP)s]* 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).[1%%/
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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.!'**~471 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.!'*®!%°! 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 PdCl in 0.5 M HCI 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 Pd*" and Pd*, Pd-PCN-2 is still highly oxidized with little
amount of Pd’. Pd-PCN-3 mainly presents Pd’. 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.

Entry Catalyst Pd [wt%] Hamay [ML/geath]  Hagmax) [mL/gpah]
i 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

Reaction conditions: 10 mmol FA, 10 mL PC and 40 pmol Pd, 110 °C.
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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/gcarh), 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.

Entry Solvent FA Additive T H2(max) H2(max)
[mmol] [°C] [mL/gcath] [mL/gpa-h]

1 Toluene 10 - 110 2068 26090
2 H,O 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 NaHCO: (5 mol%) 120 7171 85463
13 Toluene 10 p-TsOH (5 mol%) 120 312 3935
14 Toluene 10 NaHCOz (10 mol%) 120 8924 112609
15 Toluene 10 NaHCO2 (20 mol%) 120 14582 183996
16 Toluene 10 NaHCOz (30 mol%) 120 9094 114757
17 Toluene 10 NaHCOz (50 mol%) 120 8350 105362

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

we utilized the in situ system [RuClx(benzene)]o/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,”” H, purity, and price, potassium (entry 3) emerged as the ideal counterion.

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

Entry M* H2 [%] CO: [%] 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

Reaction conditions: 20 mmol MHCO2, 5.0/30 pmol [RuClz(benzene)]>/dppe, DMF/H20 (20/5.0 mL), 60 °C, 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-
PPrN(H)P'Pr (Ru-5), Ru-MACHO (Ru-6), Ru-MACHO-BH (Ru-7) and Milstein’s Ru-
catalyst (Ru-8) reached TONs up to 7110 and H> yields up to 63 % with a negligible CO; release
(£0.5 %). Among iridium complexes, Ir-1 showed promising results (entry 9, 69 % H> 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).
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Table 10. Dehydrogenation of potassium formate with various catalysts.

[150]

Ph, 7 Ph, H /'Cl . /'Cl\
[RuCl,(benzene)],/dppe Ru-1 P, WP N, PP, /) ‘ . PPh,
e ki
[RuCl,(benzene)],/dppm Ru-2 P” ‘ p ,P/ ‘ ~c P” ‘ ~co
Ph, Ph, 'Pr, H Ph,
RuCl;-xH,O/tppts Ru-3 Rud Ru.s Ru-6
. . H e I on 1804 I NH, 1504”
<N/ R}PPhZ N I\’I/,'R.:\P’BUz N/_ L WPPry  Cp¥ Nz Cp*} Nz
u u Ir r.
gg‘ ~co gtz/ ] ~~co ,-I;:‘ ~ H,0” \NI XN H,0” \NI X
H-BH, “ . ZSou Z S NH,
Ru-7 Ru-8 Ir-1 Ir-2 Ir-3
Entry Catalyst H2 [%] CO2[%] Yield [%] TON H2(may) [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 - -

Reaction conditions: 113 mmol KHCO», 10 pumol catalyst, DMF/H20 (20/5.0 mL), 60 °C, 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 CO» 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/H>O 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 % H>), but an optimal gas
purity for 15 mL triglyme/10 mL water (entry 10, TON 8342, 92 % H>). Extending reaction
time achieved comparable results to DMF/H>O (entry 11, TON 24475).
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Table 11. Variation of the reaction conditions for the dehydrogenation of potassium formate with Ru-5.

Entry

O S0 NN i A W N~

~ O~ N~
N~ O

13
14

Solvent/H20

[x/y mL]

DMEF/H,0 (20/5.0)
DMF/H,0 (20/5.0)
DMEF/H,0 (20/5.0)
DMEF/H,0 (20/5.0)
H>O (25)
Dioxane/H,O (20/5.0)
2-MeTHF/H>0 (20/5.0)
Sulfolane/H,0O (20/5.0)
Triglyme/H,O (20/5.0)
Triglyme/H,O (15/10)
Triglyme/H,O (15/10)
Triglyme/H,O
(12.5/12.5)
Triglyme/H,O (10/15)
Triglyme/H,O (5.0/20)

Formate T
[mmol] [°C]

113
275
113
275
275
275
275
275
275
275
275
275

275
275

60
60
90
90
90
90
90
90
90
90
90
90

90
90

Time H:
[h] [%o]
13 99.7
99.6
98
96
87
84
78
94
91
92
86
89

O\O\O\O\O\O\O\O\;

AN W
S

88
84

CO:
[%o]
0.3
0.4
2

4

13
16
22

6

14

11

12
16

Yield TON
[o]

99 11260
62 17390
>99 11630
99 27470
12 1210
10 2710
4 1040
89 24610
21 5670
30 8342
89 24475
32 8827
43 11761
38 10341

H2(max
[mL/h]
400
600
4650
4800
70

600
300
2100
500
500
560
500

500
600

Reaction conditions: 10.0 umol 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/H>O (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 H» purity remained high (94 %) after the long

reaction time and no CO was detected.
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Figure 9. Long-term stability of the energy storage system. Reaction conditions: 3.00 mol KHCOz, 10.0 umol Ru-5, 150 mL

triglyme, 100 mL H>O, 90 °C, 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).[3"
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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-P'PrN(H)P'Pr (Ru-5) show the highest TON (990) in BH.

Partial decomposition via reductive cleavage of the amide!'>!! 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/H>O) 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.

Entry Cat. Solvent/H2O [x/y mL] T [°C] Yield [%] TON
1 Ru-5 DMF/H,0 (20/5.0) 90 7 990
2 Ru-6 DMF/H»0 (20/5.0) 90 6 810
3 Ru-7 DMF/H>0 (20/5.0) 90 7 910
4 Ir-1 DMF/H,0 (20/5.0) 90 4 488
5 Ru-5 Triglyme/H,O (20/5.0) 90 4 590
6 Ru-5 Triglyme/H,0O (15/10) 90 74 9650
7 Ru-5 Triglyme/H,O (12.5/12.5) 90 63 8040
8 Ru-5 Triglyme/H,0O (10/15) 90 66 8410
9 Ru-5 Triglyme/H,O (5.0/20) 90 67 8580
10 Ru-5 Triglyme/H,O (15/10) 75 50 6650
11 Ru-5 Triglyme/H,O (15/10) 60 39 4540

Reaction conditions: 100 mL autoclave, 135 mmol KHCOs. 10.0 pmol catalyst, 50 bar Hz, 18 h. Yields and TON values were
determined by '"H 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/H>O (15 mL/10 mL), KHCO3 (135 mmol), and
Ru-5 (10.0 pmol). 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 (3™ cycle: 1195 mL; 37
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

29



time to be able to showcase the long-term stability of the system, demonstrating its potential

for practical applications.
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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 umol 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).[13
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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 Na;PdCls on carbon powder and reduced it in sifu 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 %
Ha, 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 Pdieo Pdueas Mass activity FD  Mass activity BH
[wt%] [wt%] [mmol/mgpq-h] [mmol/mgpq-h]

1 Pd-C1 AKROS Cl1 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-Ceé WOS 4x8 5.00 3.65 0.72 0.06
7 Pd-C7 EcoSorb CESS 5.00 2.70 1.02 0.05
8 Pd-C8 EcoSorb CE70 5.00 491 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 H20, 30 bar Hz, 60 °C, 18 h; FD: 250 mmol KHCO>, 7.50 mmol K2CO3, 106 mg
Pd/C, 25 mL H>O, 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 Pd’
species at 335.2 eV and Pd*" around 336.9 eV in different ratios depending on the carbon
support.
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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 CI1. BH: 5.40 mmol KHCO3, 20.0 mg Pd/C, 1.5 mL
H>0, 30 bar H>, 60 °C, 18 h. FD: 250 mmol KHCO>, 7.50 mmol K2COs, 106 mg Pd/C, 25 mL H:0, 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% NaxPdCls and 2.0 eq of oxalic acid at 60 °C, dried, calcined (200 °C, 2 h) and reduced
with Hz (200 °C, 2 h). The resulting catalyst Pd-C1-OA-O: 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 KHCOs, 20.0 mg Pd/C, 1.5 mL H20, 30 bar Hz, 60 °C, 18 h; FD: 250 mmol KHCO:, 7.50 mmol K>COs, 106 mg
Pd/C, 25 mL H>0, 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 Hz 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-O: 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 Pd° to Pd**
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 Pd’/Pd*" ratio decreased with depth: Pd°
dominated the outermost layer (metal-metal bonds), while Pd*" 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% Pdiheo)
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 Pd°/Pd** ratio than Pd-C1. The catalytic activity

indicates that the ratio of Pd’/Pd*" is important, and a specific amount of Pd** can be beneficial,
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as published by the Bulusheva groupl®’-!52!331 Their study on FAD identified Pd*>" species as

the active site. Depth profiling showed an initial increase of Pd’/Pd**, implying less metallic Pd

on the surface, followed by a decrease after 2400 s as Pd*>" 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-CI-OA,

1.60 wt%) and the final catalyst (vight column, Pd-CI1-OA-02, 1.81 wt%).

In Pd-C1-OA-0O2 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 Pd’%/Pd*" further, the

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

catalyst, activity and Pd>" increased. By analogy to Masuda et al.}”"!"?] Pd2* and Pd® may act

as the electron-deficient and electron-rich partners needed for catalysis.
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Figure 15. XPS (whole particle) analysis of the initial (left column, Pd-C1, 3.33 wt% Pd), the optimized (center column, 1.60Pd-

C1-0A, 1.60 wt%,), and the final catalyst (right column, Pd-C1-OA-02, 1.81 wt%,).
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Catalytic Performance: (De)hydrogenation with Pd-C1-OA-O:

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 % Hz, 8 % CO»,
no CO detected) equivalent to TOF = 3261 h!. The conversions can be increased by elongation
of the reaction time. CO> 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 KHCO: yielded 1.36 L gas
(90 % Hz, 10 % CO», 11 ppm CO) initially and 1.57 L gas (93 % Ha, 7 % CO, 18 ppm CO) on

reuse. CO stems from the decomposition of formate via dehydration.
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Figure 16. Recycling of the catalyst Pd-C1-OA-0: in FD: Gas composition verified via GC every two hours. 200 mg Pd-CI-
0A4-0:z, 200 mmol KHCOz, 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 KHCO; were hydrogenated at 60 bars H> 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-O, a total of 71 L gas was released (83 % Ho,
17 % COz) over 10 h. After washing and drying, a second run yielded 82 L gas (81 % H>, 19 %
CO2) and a third run gave 53 L (84 % Ha, 16 % COz). The deactivation noticeable in the third
run may arise from reversible blockage by the (intermediate) products like KHCOs3. 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-CI-OA-
02, 4 M KHCO:, 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 CO; Conversion to Methyl Formate with Ru Triphos Complexes

Ruthenium triphos complexes of the type [Ru(Ar-triphos)(TMM)] (TMM = n*
trimethylenemethane) are active precatalysts for CO2 hydrogenation. They have been reported
to convert CO; to FA (Eq. 10),l'** methanol (Eq. 11)!°* and in methanol as (co)solvent, methyl
format - via esterification of the solvent with in situ generated FA (Eq. 12).['% Like other C;
products, methyl formate is an important bulk chemical, and a safe, non-corrosive liquid
hydrogen storage (8.4 wt% Hz). The aqueous dehydrogenation of methyl formate was already
shown by the groups of Beller (Ru-pincer complex)!!>”! and Milstein (immobilized Mn-pincer
complex).!>¥) However, a direct route for CO2 hydrogenation to methyl formate without the

addition of methanol remains unknown.

CO, + H, cat. HCOOH (10)
Co,+3H, —% .  CH,0H+H,0 (1)
t. CH;0H 0
CO, + H, ca HCOOH ——3 " (12)
- H,0 HJ\O/
— HCOOH— o
CO, + H, 24 S (13)
L~ cHoH—  H O

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 sifu 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)(n*-trimethylene-methane)ruthenium] ~ was  synthesized according to

literature.['>%] |

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 6 31.4 ppm in the
3P{'H} NMR spectrum, indicating the spectroscopic equivalence of the phosphorus atoms in
solution. The quaternary carbon of the n*-trimethylenemethane unit resonates at 107.0 ppm in
the BC{'H} NMR spectrum - highly shifted - confirming its n*-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) A) distance is shorter than the other Ru-C bonds of the TMM ligand. This
value is comparable to Ru-Cl1 bonds of previously reported [Ru(Ar-triphos)(TMM)]
complexes, such as those with Ar = Ph,[!31601 4_methylphenyl,!'¢! and 3,5-dimethylpheny].['!]
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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)
(n4—trimethylene-methane)-ruthenium(ll)] 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.
p 1y. tydrog 7y,

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) A) and Ru-
P3 (2.2780(6) A) are nearly identical, the length of Ru-P2 (2.2988(5) A) is significantly
elongated. This deviation suggests an uneven coordination of the p-anisyl-triphos ligand.
Asymmetry for [Ru(Il)(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(Il)(Ar-triphos)(TMM)] complexes the solid-state structure of which is

known. Schematic staggered conformation with relative numbering.

Bond Distances [A] 4-OMe-Ph Ph!160 Ph!'* 4-Me-Ph!161 3,5-Me:-Ph!1!l
PI-Ru 2.2787(6) 22679(15)  2.2893(5)  2.2757(6) 2.2907(7)
P2-Ru 2.2988(5) 22842(15)  2.2720(5)  2.2757(6) 2.2749(8)
P3-Ru 2.2780(6) 22861(15)  2.2885(5)  2.2757(6) 2.2812(8)
Bond Angles [°]

PI-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-PI 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 CO--derived (liquid) carriers for
storing and transporting hydrogen safely and efficiently. Utilizing CO> 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 H> under mild conditions. In this work, we investigated two
catalyst systems: a homogeneous cuboidal PN MosS4 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 H> 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 (TOF 1omin = 4254 h'), the heterogeneous system
presented a better long-term stability (TTON = 41395, 350 h).

Formates are another promising hydrogen carrier because they release H> 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-O:z. Both systems
enable reversible H> 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™"). 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 H> gas (30 h).

Methyl formate, too, is considered a safe liquid hydrogen carrier with 8.4 wt% Ho. It can be
synthesized in a one-pot manner from CO; with Hy 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 CO»

without the addition of methanol.
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Formic acid is considered as a promising hydrogen storage
material in the context of a green hydrogen economy. In this
work, we present a series of aminophosphino and imidazolyla-
mino Mo,S, cuboidal clusters which are active and selective for
formic acid dehydrogenation (FAD). Best results are obtained
with the new [Mo,S,Cli(ed'p,p);l(BPh,) (4(BPh,) (ed'pp=(2-
(diisopropylphosphino)ethylamine)) cluster, which is prepared
through a simple ligand exchange process from the
Mo,5,Cly(PPh,);(H,0), precursor. Under the conditions investi-
gated, complex 4 showed significantly improved performance
(TOF=4048 h~' and 3743 h~' at 120°C in propylene carbonate
using N,N-dimethyloctylamine as base after 10 min and 15 min,
respectively) compared to the other reported molybdenum

Introduction

Major worldwide transformations are required to achieve the
United Nations sustainable development goals on affordable
and clean energy."™ In this context, hydrogen has emerged as
a promising option as a green energy carrier due to its
straightforward availability from renewable energy and H,0.
However, specifically storage and transportation of hydrogen
remain critical issues regarding safety and practicability. To
overcome these limitations, a variety of physical and chemical
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compounds. Mechanistic investigations based on stoichiometric
and catalytic experiments show that cluster 4" reacts with
formic acid in the presence of a base to form formate
substituted species [Mo;5,Cl; (OCOH),(ed'p,p)s]™ (x=1-3) from
which the catalytic cycle starts. Subsequently, formate decar-
boxylation of the partially substituted [Mo;S,Cl,, (OCOH),-
(ed'p,p)sl™ (x=1, 2, 3) catalyst through a fi-hydride transfer to
the metal generates the trinuclear Mo,S, cluster hydride.
Dehydrogenation takes place through protonation by HCOOH
to form Mo—H--HCOOH dihydrogen adducts, with regeneration
of the Mo,S, formate cluster. This proposal has been validated
by DFT calculations.

hydrogen storage materials are currently under investigation.”
Among them, formic acid (FA) is widely explored due to its
chemical properties such as availability, low toxicity and its
recyclability via CO, hydrogenation.

In general, FA decomposition can proceed via decarboxyla-
tion giving H, and CO, or by decarbonylation giving H,O and
CO. In addition, FA can disproportionate to afford CH,OH, H,0
and CO,. For practical applications, formation of CO should be
avoided because it poisons the catalysts in potential follow up
fuel cell applicalticms."J In the past decade, a variety of suitable
homogeneous and heterogeneous catalysts for FA dehydrogen-
ation have been developed.*” Many of the highly selective
catalysts are homogeneous organometallic complexes based on
precious metals such as Ru,” Ir"®" or Rh.™ In recent years,
many efforts have been devoted to develop their earth-
abundant counterparts and remarkable advances have been
achieved, e.g. using hydrido Fe-PN"P pincer complexes'* while
promising results were also obtained with Mn,""¥ Co,"™ or Cu."®
In most cases, the structure of the ligand has a strong influence
on the dehydrogenation activity due to metal-ligand coopera-
tivity which causes stabilization of the active species or assists
outer sphere interactions involved in key determining mecha-
nism steps.!'”!

While molybdenum is one of the nature's favorite metals for
many biological transformations, when it comes to CO, hydro-
genation or FA dehydrogenation, the number of reported Mo-
based catalysts for FA decomposition is still rare. In fact, only a
few heterogeneous Mo-based catalysts (carbides, nitrides and/
or sulfides) are known to catalyze the dehydrogenation of
formic acid."®*¥ However, in these cases the chemoselectivity
remains a key issue due to the generation of CO. As an example,
utilizing MoS, nanoclusters deposited on graphene surfaces
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allowed for quantitative conversion of FA at 250°C.?" The major
decomposition products are CO,, H, and methyl formate (MF);
therefore, in this case disproportionation competes with FA
dehydrogenation. Simulation studies of the nanoclusters struc-
ture revealed the presence of Mo-edge atoms that the authors
tentatively identified as the active sites of the reaction. In 2021,
Li and coworkers reported a CO-free FA dehydrogenation
protocol using MoS, on graphene decorated on Ni foam (Ni/G/
MoS,).”* Full conversion and 100% selectivity towards H, and
CO, is achieved at 100°C. Notably, this latter material has a
sulfur terminated surface which has strong adsorption for the H
sites and weak adsorption for the O sites of FA. According to
the authors, this results in the high selectivity of their protocol.

Homogeneous catalytic systems for selective FA dehydro-
genations using molybdenum are also limited to a few
examples shown in Scheme 1.%*% Interestingly, the pincer
(PN"P)MoH(OCOH)(CO), compound  (Beller and Junge,
Scheme 1), in addition to FA dehydrogenation, it also catalyzes
its disproportionation to methanol while stoichiometric
amounts of methanol are produced in the presence of the
mononuclear Cp*Mo(PMe,),(CO)H hydrido complex (Parkin,
Scheme 1). In contrast, the hydrido [Mo,5;H;(diphosphine),]”
(Llusar, Scheme 1) cluster catalyst is selective towards H,
production.

The proposed dehydrogenation reaction mechanism for
Cp*Mo(PMe,),(CO)H and [Mo,S,H;(diphosphine),] ™ share com-
mon features. Both complexes interact with FA to form
dihydride Mo(H,) species or dihydrogen Mo—H:-HCOOH species,
in the case of [Mo;S,H;(diphosphine);]™, from which hydrogen
is released with the concomitant formation of formate-
substituted derivatives that regenerates the hydrido catalysts
through a B-hydride elimination accompanied by CO, release.
As to (PN"P)MoH(OCOH)(CO),, formate decarboxylation through
a P-hydride transfer to the metal generates dihydride Mo(H,)
species. Selectivity in favor of either dehydrogenation or
decarboxylation is determined in the next step. More specifi-
cally, dehydrogenation takes place through dihydrogen reduc-
tive elimination or via protonation by HCOOH, with regener-
ation of the (PN"P)MoH(OCOH)(CO), metal hydride. While not
mandatory, N-H proton-assisted dehydrogenation may also be
operative in this last case. Disproportionation in the presence of
mononuclear complexes Cp*Mo(PMe;),(CO)H and
(PN"P)MoH(OCOH)(CO), results from a hydride transfer from the
metal dihydride Mo(H,) species to an activated/protonated

HCOOH — H, + CO,

molecule  of HCOOH. To date, the hydrido
[Mo,S,H,(diphosphine),] ™ cluster is the most active and selec-
tive homogeneous Mo-based catalysts for FA dehydrogenation.

Herein, we report efficient and selective homogeneous
molybdenum catalyst for FA dehydrogenation using a trinuclear
non-hydride metal cluster sulfide decorated with aminophos-
phine ligands. The optimal [Mo;S,Cli(ed'p,p)il® (ed'pp=(2-
(diisopropylphosphino)ethylamine)) pre-catalyst operates in the
presence of a base without fragmentation of the cluster with an
activity remarkably higher to that of known homogeneous
molybdenum catalysts. The synthesis and crystal structure of
this new complex is also presented. Finally, a tentative
mechanism for this reaction is postulated based on stoichio-
metric and catalytic experiments, and validated by theoretical
studies.

Results and Discussion
Synthesis and characterization of the catalyst

Motivated by the potential of molybdenum cluster sulfides as
FA dehydrogenation catalysts, we undertook an exploratory
study aimed to identify active cluster complexes. For that
purpose, we tested several trinuclear Mo,S, compounds,
represented in Table 1. Except for 4%, the synthesis and crystal
structures of the rest of the compounds have been previously
reported.”**~*" The catalytic tests were performed in a glass
reactor connected to a manual burette (Figure SI5). Initial
experiments were performed under base-free reaction condi-
tions (120°C and propylene carbonate (PC) as solvent)
employed for the catalytic hydrogen production from FA using
the diphosphino [Mo,5,H;(diphosphine);]* (2*) cluster.”® As no
gas evolution was observed using the Mo,S, catalysts 3% to 77,
catalytic tests were performed in the presence of Et;N. In
general, the proposed mechanism for FA dehydrogenation
using bifunctional ligands proceeds via a formate intermediate,
therefore, the base is important to start the catalytic cycle.””
Two aminophosphino trinuclear complexes (3* and 4%)
differing in the nature of the group attached to the phospho-
rous atom and three imidazolyl amino cluster compounds (5*-
7%) with the NH, moiety gradually substituted by methyl
groups were investigated in our work.?*” Complex 1, a typical
precursor for the preparation of Mo,S, complexes was also
tested.””! For comparative purposes, we have also included in
our studies the diphosphino Mo,S, hydrido cluster (2*) and the
pincer complex (PN"P)Mo(OCOH)(CO), (8).2**® The results of
catalyst screening are summarized in Table 1. Gas evolution/
time diagrams are represented in Figure SI7. In the case of the

ClOH _Q‘LH B f\r/:‘h a
? “*-N&Q.m J /,§’ V. . . already reported diphosphino [Mo;S,H;(diphosphine);]* (2%)
e ij ,,.)p./l'?\‘:m N >jé_%j<% ,,,,;>jw/§j ,2 catalyst, addition of Et;N improved the catalytic activity (TOF
° k,\LS 1y s h 116 vs 411 h™").” For the other Mo,S, clusters (3°-77), gas

evolution started after addition of the HCOOH/Et;N (5:2)

Parkin, 2015 Beller & Junge, 2021 Llusar, 2022 This work mixture to the preheated solution of the catalysts. While similar
100°C, benzene, 90°C, triglyme, 120°C, PC, 120°C, DMOA, PC, i + + +
e TS, Fighyme gt s TON were obtained for compounds 2%, 3* and 4% (Table 1,

Scheme 1. Reported Mo-based catalysts active in the FA dehydrogenation.

ChemCatChem 2023, 15, €202300740 (2 of 11)

entries 2-4), the highest catalytic activity was achieved using
compound 4% (Table 1, entry 4). Therefore, replacing the phenyl
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Table 1. Catalyst screening for the FA dehydrogenation.™
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possibility of FA disproportionation was also investigated but
neither methanol nor methyl formate were detected by gas
chromatography.

For the synthesis of the new cluster cation
[Mo,S,Cliled'pp)s]* (4%), we followed the procedure developed
by one of our groups for the synthesis of other Mo,S,
derivatives®™*? The cluster precursor MosS,Cl,(PPh,);(H,0), was
reacted with a slight excess of the aminophosphine edpp
ligand in EtOH at room temperature for 3 hours. The reaction
proceeds with color changes from green to brown and back to
green. The desired product was precipitated with pentane as
the chloride salt, redissolved in methanol and precipitated with
sodium tetraphenylborate as [Mo,S,Cl;(ed'p,p);1BPh, (4(BPh,)).
The product identity was confirmed by ESI-MS on the basis of
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7
5
g
E
H
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Entry Catalyst Conversion(%)"! TON® TOF jgmin! its m/z value of 1005.9 and its characteristic isotopic pattern

1 1 25 25 55 (Figure 514).

2 2+ ~99 98 a1 The structure of cation 4% has been determined by single §

3 3+ 975 9% 272 crystal X-ray diffraction as its chloride salt and solved in space :

4 - . 8 . group P-1. Figure 1 shows the ORTEP view of 4* together with ¥
. the most relevant bond distances. The crystal structure contains

> > 8 i " two crystallographically independent cluster units, two chloride £

6 6 0 0 8 atoms and one dichloromethane molecule. The trinuclear Mo,S, g

7 7 4 4 18 unit possesses an incomplete cubane-type arrangement with Z

8 8" 2 2 8 the molybdenum and sulfur atoms occupying adjacent vertices

R 4* - - - leaving a vacant metal position. The three metal atoms define

[a] Reaction conditions: HCOOH (1 mmol), Et;N (0.4 mmol), Mo,S, catalyst
(0.01 mmol), PC (1.5 mL), T(120°C), 60 min. [b] Same conditions as [a]
without addition of a base [c] Based on gas evolved. [d] TON values are
calculated at the end of the reaction. [e] TOF is obtained for the most
active 10 min period of the reaction. Gas evolution monitored with
manual burettes, corrected by the blank volume and content of the gas
phase analyzed by gas chromatography (GC). The CO content was below
the detection limit (< 10 ppm) (Figure SI6). Experiments were performed

at least twice except entry 2.

group bound to the phosphorous atom of the aminophosphino
ligand by isopropyl increased the catalytic activity of the Mo,S,
cluster complex. As expected, no catalytic activity was found for
4% in the absence of a base (Table 1, entry9). Little gas
evolution was observed for the cluster precursor 1 corroborat-
ing the crucial role of the ligand.

The catalytic activity of the imidazolyl amino-containing
clusters decreased in the order 5 > 6% >7* (Table 1, entries 5-
7). Hence, we conclude that methylation of one hydrogen atom
of the N—H moiety in 5% leads to a significant decrease in the
catalytic activity. In agreement with this observation, complete
alkylation of the N—H moieties in 5% drastically lowered the
hydrogen yield. To obtain evidence about the cluster integrity
during the catalytic protocol, ESI-MS was recorded after
catalytic gas evolution in the presence of the 4" cation.
Notably, no decomposition products could be observed, and
the only peak registered corresponds to the 4% complex
supporting a cluster catalysis mechanism (Figure SI114). The
catalytic activity of the mononuclear pincer Mo catalyst (8)
reported as active by some of us for FA dehydrogenation and
disproportionation was also tested under these conditions
showing only a negligible activity. In all experiments, the

ChemCatChem 2023, 15, €202300740 (3 of 11)

an approximately equilateral triangle and the Mo—Mo bond
distance of 2.760[6] A corresponds to a single metal-metal
bond. Cluster 4" shares main geometric features with other
trinuclear cluster analogs.”

Figure 1. ORTEP representation of the [Mo;S,Cls(ed'p,p);]* (4 ) cation
(ellipsoids at 50% probability) with the atom-numbering scheme. Hydrogen
atoms have been omitted for clarity. Main bond distances:

Mo—Mo =2.760(6] A, Mo—S(1) = 2.346(4] A, Mo—S sane-ras,) = 2.300(5] A,

MO—S 3.y = 2.296[6] A, Mo—Cl =2.510[12] A, Mo—N=2.254(7] A,

Mo—P =2.576[10] A. Standard deviations for averaged values are given in
square brackets. CCDC 2261460.
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Each metal atom in 4 shows a pseudo-octahedral environ-
ment and its coordination sphere includes a phosphorous and a
nitrogen atom from the edp,p ligand, a chlorine atom, one
capping and two bridging sulfur atoms. A relevant feature for
this compound is the specific coordination of the amino-
phosphino ligand in which the three phosphorous atoms are
located trans to the capping sulfur atom as observed for other
aminophosphino M,S, (M= Mo, W) clusters?***

The solid-state structure of complex 4% is preserved in
solution as evidenced by the *'P{'"H} NMR spectrum registered
in CD,Cl,, which showed a single signal at 53.55 ppm attributed
to the three equivalent phosphorous atoms from the amino-
phosphine ligands which are located above the metal plane
(Figure SI1). The cluster C, symmetry is evidenced by 'H NMR
spectroscopy where the aminophosphine signals demonstrate
that all bidentate ligands are equivalent. In particular, the
protons associated to the N—H moiety of the ligand appear at
2.80 and 3.29 ppm in agreement with two different hydrogen
orientations. More details about 'H NMR and C NMR spectra
are given in the Supporting Information (Figures SI2 and SI3).

Catalytic performances

At this point, different important reaction variables were varied
such as FA concentration and catalyst loading, solvent, base
and FA to base ratio employing [Mo,5,Cl;(ed'p,p);]1BPh, (4(BPh,))
as catalyst. The influence of the FA concentration was evaluated
keeping the amount of catalyst 4* constant (Figure SI8 and
entries 1-3, Table 2). Increasing the amount of formic acid from
1 to 10 mmol (entries 1-3, Table 2) proportionally increased the
TON. Interestingly, the diphosphino [Mo,5,H;(diphosphine),]*
(2*) losses efficiency at higher HCOOH loading that is at lower
pH.”" However, the TOF,,, numbers using 4% decreased on
going from 5 to 10 mmol of FA (entries 2-3, Table 2). This is

variation of the FA concentration by increasing the solvent
volume (Figure SI9 and entries 3-4, Table 2) resulted in a
remarkable improvement of the catalytic activity. Next, the
catalyst loading was investigated at constant FA concentration
(entries 4-6, Figure 5110). A decrease in the catalyst loading by
half decreases the catalytic activity; however, doubling the
amount of pre-catalyst caused only a ca. 2 fold increase of the
TOF. Then, we decided to continue our studies using a catalyst
concentration of 0.01%, that is, the conditions of entry 4 in
Table 2.

Previous studies demonstrated that the solvent has a
decisive influence in this transformation as it can shift FA
decomposition from dehydrogenation to disproportionation.””
Hence, the effect of the solvent on the reaction was examined
and the resulting gas evolution curves are represented in
Figure 2a. Significant catalytic activity towards hydrogen evolu-
tion was observed in toluene although PC continues to be a
better choice. In the case of THF, gas release was almost
negligible. The reaction mixture was analysed to detect any
potential products resulting from FA disproportionation but
neither methyl formate nor methanol were detected. Then, the
influence of the temperature was investigated using PC as
solvent (Figure 2b). As expected, decreasing the temperature
resulted in slower gas evolution. Both gas evolution/time curves
in Figure 2a-2b show a slope change in the curve, that is an
induction period, which is more visible for the systems with
slower kinetics. In the early stage of the reaction, we also
observed a color change from green to brown. These observa-
tions agree with 4(BPh,) being the pre-catalyst from which
active species are formed after HCOOH/Et;N addition. Inciden-
tally, 4(BPh,) does not react with HCOOH in the absence of a
base (Figures 5115-5116).

In the next step, we investigated the influence of the base
as well as the FA to base ratio and the results are summarized
in Figures 2c-2d. The corresponding gas evolution/time curves
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likely due to pH changes over the course of the reaction. A are given in the SI (Figures SI11-5112). The use of N,N-dimeth-
yloctylamine (DMOA) instead of Et;N (Figure 2c) noticeably
increased the performance achieving TOFs of ca. 2000 h™".
Table 2. Molybdenum-catalyzed dehydrogenation of formic acid: Influence Decrease of the FA to DMOA ratio (Figure 2d) to 11:10 resulted £
of the formic acid concentration and catalyst loading.” in a significant improvement of the catalytic activity reaching E
Entry FA Cat. Vec Vir o TON TOF 0 TOFs of 4048 h™' (3743 h™' after 15 min). On the other hand, a
(mmol)  (umol)  (mL)  (ye’ ()" significant drop in the catalytic activity was found upon :
1 1 10 15 8 P 14728 increasing the FA to DMOA ratio from 5:2 to 5:1 (TOF: 1736 vs. !
374 h™") which demonstrates the crucial role of the base during
2 5 10 1.5 281 574 791 .
the reaction. ,_
3 10 10 15 408 834 288 Finally, recycling experiments were performed. After each i
4~ 10 0 5 450 921 346 run, as the base is expected to be recovered, only neat formic E
s 10 5 5 305 12479 368 acid was added to the solution. The catalyst system stayed g
6" 10 20 5 482 493 1251 active in the tested four runs; however, some loss of activity is E

[a] Reaction conditions: catalyst 4% (0.01 mmol), PC (1.5 mL), T(120°C).
[b] HCOOH (10 mmol), Et;N (4 mmol), catalyst 4* (0.01 mmol), PC (5 mL),
T(120°C) [c] Gas evolution monitored with manual burettes, corrected by
the blank volume and content of the gas phase analyzed by gas
chromatography (GC). [d] TON values are calculated at the end of the
reaction. [e] TON value is calculated after system saturation (t=240 min).
[f] TOF values are calculated at the first 10 min of reaction [g] TOF value is
calculated after 4 min. All the experiments were performed at least twice,
and average values are used in the table. (St. Dev. < 10%)
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observed after the second run as shown in Figure SI13. We
assume catalyst deactivation occurs through fragmentation of
the trinuclear cluster catalyst, in agreement with the previously
described diphosphino Mo,S, cluster catalyst® Hence, to
further improve this class of catalysts to a practically applicable
level, it is important to increase the stability of the cluster by
respective ligand design.

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Figure 2. Molybdenum-catalyzed dehydrogenation of formic acid. Influence of (a) solvent (toluene, PC, THF), (b) temperature (90°C, 105°C, 120°C), (c) base
(Et;N, Bu,NMe, DMOA) and (d) ratio of FA:-DMOA (5:1,5:2,11:10). TOF values are obtained for the first active 10 min period of the reaction. Standard
conditions if not otherwise noted: 4" was used as the catalyst, 10 mmol of FA, 4 mmol Et;N, T=120°C, 5 mL PC.

Mechanistic insights

Previous studies have shown that aminophosphino
[M;S.X;(aminophosphine)s]*  (M=Mo, W) cluster complexes
present distinctive features when compared to its diphosphine
analogs such as the facile substitution of the halide ligands (X)
by other halides or pseudohalides. Conversion occurs via the
formation of two reaction intermediates associated to the
mono and disubstituted trinuclear complexes.”™ Kinetic studies
showed that the mechanism of substitution is strongly depend-
ent on the nature of the leaving group. On the other hand,
Collision Induced Dissociation (CID) experiments combined with
the calculated energy requirements for the partial decoordina-
tion of the ligand are contrary to the general idea regarding the
hemilabile character of the aminophosphine ligand.?*

For FA dehydrogenation reactions it is generally accepted
that the corresponding formate complex is the starting point or
crucial intermediate of the catalytic cycle. Hence, the presence
of base and pH are important factors for this
transformation."’#*#**” From the formate species, B-hydride
elimination produces the respective hydride complex. To gain
insight on the ligand substitution process, halide by formate,
we investigated the stoichiometric reaction between 4* and
formic acid in presence of Et;N using a FA:Et;N (5:2) mixture.
Milder reaction conditions (lower temperature) compared to
those of the catalytic protocol were employed to prevent
complications due to P-hydride elimination. The *'P{'"H} NMR
spectrum of the mixture after 10 minutes of reaction in

ChemCatChem 2023, 15, €202300740 (5 of 11)

acetonitrile-d; (CD;CN) at 50°C shows a series of signals with
the typical pattern of a sequential substitution of the 4%
chlorine atoms by formate ligands, represented in Figure 3a.%®
It should be noted that the loss of symmetry of the two
resulting intermediates the monosubstituted
[Mo,S,Cl,(OCOOH)(ed'p,p);]1* (M) and disubstituted [Mo,S,Cl-
(OCOOH),(ed'p,p);]* (D) makes the three phosphorus atoms
non-equivalent. For both cluster complexes, three signals of
equal intensity are expected in the *'P{'"H} NMR spectrum. The
singlet observed at § = 56.70 ppm has been tentatively assigned
to the triple substituted [Mo;5,(OCOOH);(ed'p,p)s] ™ product (T)
which recovers the C; symmetry of its 4* cluster precursor.

To our delight, some crystals were formed overnight in the
NMR tube by slow evaporation of the solvent. While the quality
of most of these crystals was not suitable for single crystal X-ray
diffraction experiments, finally we were able to select one
crystal valid for that purpose. Figure 3b shows the ORTEP view
of [Mo;S.CI(OCOH),(ed'p,p);]™ (D) together with the most
relevant bond distances. The crystal structure is solved in space
group P-1 and it contains one crystallographically independent
cluster unit of formula [Mo,S,CI(OCOH),(ed'p,p);]* resulting
from the substitution of two of the chlorine atoms bound to
molybdenum in 4* by two formate ligands. Incidentally, one of
the edpp ligand is disordered over two positions (see
Experimental Section).

The [Mo,S,CI(OCOH),(ed'p,p);]* cation shares common
structural features with its chloride cluster precursor 4°.
Inspection of the interatomic distances revealed the presence

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Figure 3. Reaction product between 4" and 7.5 equivalents of a FA/Et;N(5:2)
mixture at 50°C in CD,CN- (a) *'P{'H} NMR (162 MHz, CD,CN) spectrum of the
reaction mixture, recorded at room temperature. Signals have been
tentatively assigned according to the shift in comparison with 4% and the
trisubstituted complex (T). (b) ORTEP representation of the [Mo,S,Cl-
(OCOH),(ed'pp)s]* cation (ellipsoids at 50% probability) with the atom-
numbering scheme. Hydrogen atoms, isopropyl substituents, and the minor
component of the disordered ed'p,p ligand have been omitted for clarity.
Main bond distances: Mo-Mo = 2.760[5] A, Mo—S(1) = 2.357[13] A,
MO—S i nseai;) =2295(12] A, MOS0, =2.292 A, MOS0, = 2.288 [12] A,
Mo—N =2.266[4] A, Mo—P =2.572[10] A, Mo—0 =2.244[5] A,
Mo—Cl=2.512[15] A. Standard deviations for averaged values are given in
square brackets, CCDC 2261461,

of (NH)-H--O(COH) hydrogen bonds with a N(1)—O(11) distance
of 2.875 A and a N(2)-0(21) distance of 2.787 A. In addition, the
terminal formate oxygen atoms O(12) and 0(22) forms hydro-
gen contacts with the H(NH) moiety with a N(1)-O distance of
2.781 A for 0(12) and of 2.805 A for O(22). In order to prove
whether or not the measured crystal was representative of the
crystalline sample, we recorded the *'P{'H} NMR spectrum of
the crystalline product after filtration (Figure SI17). The spec-
trum shows eight signals of similar intensity associated to 4%
and to the mono- (M), di- (D) and tri-substituted (T) formate
cluster complexes. Therefore, the crystal structure composition
of [Mo;S,CI{OCOH),(ed'p,p)s] * is not representative of the whole
crystalline sample. Next, we registered the ESI-MS spectra of the
sample at 10 and 20 V (Figures 5118-5119) The spectrum at 10V
showed one broad signal which can be tentatively assigned to
4° (m/z=1006) and to  the mono-substituted
[M0,S,ClL,(OCOOH)(ed'p,p)s]* (M) (m/z=1016) complex based
on their m/z values and isotopic patterns. Therefore, the di- and
tri-substituted species suffer a transformation at the mass
spectrometer towards 4" (vide infra). At higher cone voltages
(20V), a new signal emerged identified as the hydrido
[Mo5S,Cl,H(ed'p,p)s]* (m/z=972) cluster cation, which suggests
that [Mo;5.Cl,(OCOH)(ed’p,p):]™ (M) undergoes partially a p-
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hydride elimination at the mass spectrometer to form the
corresponding hydrido species.

Based on the above results, we propose a tentative catalytic
cycle for FA dehydrogenation, represented in Scheme 2,
simplified to a single metal center. In our proposal, the cluster
47 acts as pre-catalyst in agreement with the induction period
observed in catalytic reaction monitoring (Figure 2a-2b), as
mentioned above. First, the terminal chlorine atoms of the 4%
cluster are substituted by HCOO™ ligands to form the formate
complex. Next B-hydride elimination followed by CO, release
leads to the hydrido cluster. In the final step, protonation of the
hydride results in the formation of dihydrogen species from
which hydrogen is released and the active formate species is
regenerated. Protonation of the Mo—H group in cuboidal
diphosphine Mo,S, clusters by HCOOH to form dihydrogen
Mo—H--HCOOH species is well established.?**"!

To obtain information about active species and reaction
intermediates, the FA dehydrogenation reaction was monitored
by ESI mass spectrometry and 'P{'H} NMR spectroscopy,
represented in Figure 4. For that purpose, milder reaction
conditions (1 mmol of FA, 0.030 mmol of Et;N and 0.010 mmol
of the 4" catalyst) were employed to facilitate sampling. At first
glance, the reaction monitoring results may seem contradictory.
While ESI-MS  only showed the presence of cluster
[Mo.S,Cly(ed'p,p)s]* (47) without any time evolution along the
course of the reaction (Figure 4a); the *'P{'"H} NMR spectrum
evidenced the presence of several species in the reaction
mixture (Figure 4b). Since aminophosphino Mo;S, complexes
can undergo transformations in the mass spectrometer, the
utility of this technique for reaction monitoring is limited except
to confirm the operation of a cluster catalysis mechanism. The
T'P{'H} NMR spectra after 30 minutes of reaction (Figure 4b)
within the 52 to 58 ppm range matches with the products
obtained from the stoichiometric reaction between the 47
cluster catalyst and formic acid in presence of Et;N (Figure 3a),
that is the mono-, di- and tri-substituted [Mo,5,Cl;,(OCOH),-
(ed'p,p)s]* (x=1,2 and 3) species (M, D and T) plus some
unreacted 4% cluster. In addition, an extra singlet signal
appeared at 6 =64.16 ppm, marked with an H. Incidentally, this
signal is also observed upon heating the reaction mixture
formed by the mono-, di-, and tri-substituted [Mo,S,Cls,-
(OCOH),(ed'pp)sl* (x=1,2 and 3) species (Figure SI20).

+ + +
~ L r H L o 1
HN | 0°C HaNo |
oMiss ¢ M
-HCOOELN ¢ T/IN] ERVANPLS
— Mo —Mo M
) T o N

H-H HCOOH

Scheme 2. Proposed catalytic cycle for the dehydrogenation of FA.
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Figure 4. Monitoring of the catalytic reaction by (a) ESI-MS spectrometry and
(b) *'P{"H} NMR (162 MHz, CD,CN) spectroscopy. Reaction conditions: HCOOH
(1 mmol), Et;N (0.03 mmol), catalyst 4% (0.01 mmol), PC (1.5 mL), T (120°C)

Because it is well known that formate complexes undergo
B-hydride elimination to form hydrido species, we have
tentatively assigned the singlet signal, labelled as H, to the
hydrido [Mo,S,H;(ed'p,p);]* cluster cation. Notably, we were
unable to detect any signal of hydrido species by 'H NMR
spectroscopy. This is not surprising since previous NMR studies
on the hydrido [W,S,H;(edpp)s]* (edpp=2-
aminoethyl)diphenylphosphine) cluster showed that one of the
hydrogen atoms of the NH, aminophosphine group is rapidly
exchanging with the hydride and as a consequence no hydride
signal is seen by 'H NMR spectroscopy.”® Unfortunately, all
attempts to synthesize and isolate this last postulated species
failed.

The *'P{'"H} NMR spectrum at the end of the reaction when
no FA is left (Figure 4b, 90 min) showed a unique signal at §=
65.09 ppm labelled as U. This signal is also observed upon
reacting the 4" complex catalyst with 40 equiv. of Et;N at 50°C
(Figure SI21). Previous spectroscopic studies combined with
theoretical calculations on the reactivity of the aminophosphino
[W,S,Br.(edpp);] ™ cluster towards Et,N indicated that the amine
acts as a base and abstracts one proton from the NH, group of
the bidentate ligand while bromine dissociates.” Also, Collision
Induced Fragmentation (CID) of the [Mo,S,Cli(edpp)s]® (37)
cluster catalyst occurred with HCl release to yield deprotonated
[MosS,(edpp-H);1* species.”” Based on these antecedents, we
tentatively assigned the singlet signal at §=65.09 ppm to the
[Mo,S,(ed'p,p-H);]1 " (U) unsaturated Mo=NH amido cluster. It is
of interest to remark that the ESI-MS of this reaction mixture, 4
and Et;N, showed a sole peak (Figure SI22) attributed to the 4

ChemCatChem 2023, 15, €202300740 (7 of 11)

cluster catalyst. This fact gives further support to the ability of
these aminophosphine Mo,S, clusters to react in the mass
spectrometer and transform into the 4™ cluster precursor.

Computational studies

Once direct or indirect experimental evidence were obtained to
support our mechanism proposal depicted in Scheme 2, that is
formation of the cluster formate and the hydrido complex, we
undertook a theoretical DFT study to validate our proposal (see
Computational Methods in the SI for details). The calculated
free energy profile (Figure 5) has been restricted to a single
metal center, a common simplification in this kind of cluster
complexes where substitution reactions occur with statistically
controlled kinetics.”™ First, complex 4* exchanges a chlorine
atom by a formate ligand generating the active species (I). The
process is slightly exergonic (—0.76 kcal-mol™') in agreement
with our experimental observation on the coexistence in the
reaction mixture of the formate substituted [Mo,S,Cl,,(OCOH),-
(ed'p,p)sl* (x=1,2,3) species and the 4% chloride precursor
under stoichiometric conditions. The proposed catalytic cycle
(Scheme 2) starts with the active formate complex (1). The initial
step of the catalytic process entails the liberation of CO, from
the formate complex (I) via a p-hydride elimination (TS,,).
Notice that high temperatures are needed to overcome the
barrier (24.9 kcal-mol™") towards the formation of the hydride
species (II). This result supports our assignment of the *'P{'H}
NMR signal registered at 6=64.16 ppm, labeled with an H in
Figures 4b and SI20, only observed in the catalytic reaction
mixture run at 120°C or upon heating at 90°C the [Mo,S,Cl;.
(OCOH),(ed'p,p);]* (x=0, 1, 2, and 3) reaction mixture prepared
under stoichiometric conditions. In the second step, FA addition
results in formation of a dihydrogen Mo—H--HCOOH (Ill) adduct
with a variation in the free energy of —3 kcal-mol™". The
opposite tendency is observed for the formation of the
diphosphino Mo,S, dihydrogen adduct which is endergonic at
120°C by ca. 3 kcal-mol~"?*** We attribute the higher stabiliza-
tion energy in the case of Ill to the hydrogen bond formation
between the carbonyl group of the FA and the NH protons of
the ligand in the adjacent metal, with a N--O optimized distance
of 2941 A. The beneficial role of ligands containing NH
functionalities in stabilizing formic acid via hydrogen bond
interactions has been well established in the literature.”'*”!

In the final step, the dihydrogen adduct (lll) releases
hydrogen through TSy, and regenerates the formate | active
species. The calculated barrier for the H, release
(32.2 kcal-mol™") indicates that dehydrogenation is the rate
determining step. Hence, higher temperatures favor this last
step of the catalytic cycle and we observe optimum TON upon
increasing the reaction temperature to 120°C. Similar energy
barriers were calculated for the FA dehydrogenation using the
diphosphino Mo;S, cluster hydride.”® Overall, FA dehydrogen-
ation is an exergonic process with a relative energy of
—11.8 kcal-mol~" that leads to the regeneration of the catalytic
active species.
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Reaction coordinate

Figure 5. DFT calculated energy profile for FA dehydrogenation catalyzed by 4*. Free-energy values are given in kcalmol™', quoted relative to |+ HCOOH at
393.15 K and atmospheric pressure. For simplicity, only the skeleton of the ed'p,p ligands was drawn. Distances are given in A. Color code: Mo (cyan), S

(orange), P (pink), N (dark blue), O (red), C (grey), H (white).

Conclusions

In this work, we demonstrate that novel molybdenum catalysts
are highly active and selective in formic acid dehydrogenation.
Within a series of air-stable aminophosphino and imidazolylami-
no Mo,S, cuboidal clusters, [Mo,5,Cly(ed'p,p);]* (4%, ed'pp=(2-
(diisopropylphosphino)ethylamine)) showed significantly im-
proved performance (TOF=4048 h™') compared to all other
molybdenum compounds reported for this transformation up

Experimental Section

General remarks

All reactions were carried out under inert atmosphere (nitrogen or
argon) using standard Schlenck techniques. Reactants obtained
from commercial sources were used as received. Solvents were
degassed through three freeze-thaw cycles and stored under argon
or nitrogen. Elemental analyses were carried out on a EuroEA3000
Eurovector Analyzer. 'H NMR spectra were obtainted at Bruker
Avance Il HD 400 MHz or 300 MHz. "“C{'H} NMR spectra were
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to date. In the crystal structure of 4", the three phosphorous  obtained at 101 MHz *'P{'H} NMR spectra were recorded at

atoms of the ligand are located trans to the capping sulfur 121 MHZfor mszHZ- N:’"R d;e"""a' shifts are ’eﬁﬂ"t?d;" F;pf;“ and

atoms. Complex 4* acts as a pre-catalyst from which the active ~ "&'® Teference to the solvents. ' P NMR chemical shifts are
f te substituted species [Mo.S.Cl, (OCOH)(edpp)] ' (x—=1 reported in ppm referenced to an external 85% solution of H,PO,. 2
ormate substl P 3943 (e pPPh — " Abbreviations used in the reported NMR experiments: b, broad; s, F

2, 3) are generated. singlet; d, doublet; t, triplet; m, multiplet. . High resolution mass

These last species coexist with the 4% cluster precursor spectra were registered in a QTOF Premier instrument equipped
along the catalytic protocol. The crystal structure of one of the ~ with an orthogonal Z-spray-electrospray interface (Waters, Man- 1
substitution products [Mo,5,Cl(OCOH),(edip,p);]* shows hydro- chester, UK) operated in the V-mode at a resolution of ca. 10 000 ]
en bonding between the formate hvdrogen atoms and the (FWHM). The drying and cone gas was nitrogen set to flow rates of 3

9 . g_ yarog . o 300 and 30 Lh™', respectively. A capillary voltage of 3.5 kV was used
aminophosphine NH, protons. A cluster catalysis mechanism is ;1 the positive scan mode and the cone voltage was set to Uc= z
proposed based on stoichiometric and catalytic experiments 20V [ESl-mass spectra were registered using a triple quadrupole “;
and our proposal has been validated by DFT calculations. The  mass spectrometer with an orthogonal Z-spray electrospray source F
catalytic cycle entails as the first step elimination of CO, starting ~ (Waters, Manchester). The temperature of the source block was set g
to 100°C, and the solvation temperature was set to 120°C. A 2

from the active Mo,S, cluster formate through an intermolecu-
lar mechanism without the need of a vacant coordination site.
The resulting hydrido cluster interacts with FA to form
dihydrogen Mo—H:-HCOOH species from which hydrogen is
released with the concomitant regeneration of the active
formate Mo,S, cluster. The overall process is highly selective
with a CO content in the generated gas phase bellow 10 ppm.

ChemCatChem 2023, 15, €202300740 (8 of 11)

capillary voltage of 3.3 kV was used in the positive scan mode, and
the cone voltage was set to Uc=20V. Sample solutions in CH,CN
were injected with a syringe pump directly connected to the ESI
source at a flow rate of 10 uLmin~". Chemical identification of the
cluster species was carried out by comparing the experimental and
theoretical isotopic pattern calculated from its elemental composi-
tion by using the Masslynx 4.1 program.* Gas content was
determined by gas-phase GC. Presence of methyl formate or
methanol in the reaction mixture were performed in the liquid
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phase(s) by GC using hexadecane as internal standard. GC measure-
ments were carried out on an Agilent 6890A GC System equipped
with a FID and a «capillary column Agilent (HP-innowax,
30 mx250 umx0.25 pm). Formic acid was quantified in the liquid
phase by HPLC (Nucleodur C18 Pyramid 0.25 m, 5 um, UV (210 nm))
applying propionic acid as internal standard.

Catalyst preparation

All reactions were performed under a nitrogen atmosphere using
standard  Schlenck techniques. The trinuclear precursor
Mo,5,Cl,(PPh,):(H,0), (1) was prepared according to the literature
procedure”” Cluster salts [Mo,S5H,(dmpe);)(BPh,) [2](BPh,),
[Mo,5,Cly(edpp);1BPh,  [31(BPh,), [Mo,5,Cly(ImNH,);]BF, [5](BF.),
[Mo,S,Cl;(ImNHMe),;]BF,, [6](BF,) and [Mo,5,Cli(ImNMe,);]BF, [7]BF,
were  obtained following  previously reported  synthetic
methodologies.”*” Mononuclear molybdenum catalyst was pro-
vided by the group "Catalysis for Energy Technlogies” in LIKAT,

Synthesis of [Mo,5,Cl,(ed'p,p);](BPh,) [4](BPh,): A small excess of
the diisopropylaminophosphine ligand (0.076 g, 0.473 mmol) was
added to a green suspension of the freshly prepared
[M03S:Cly(PPh;)s(solv),] cluster (0.200 g, 0.147 mmol) in 40 mL of
nitrogen flushed ethanol. This addition was accompanied by color
changes (green—brown—green) and caused the complete disolu-
tion of the solid. The reaction mixture was reacted for 3 hours at
room temperature and then, the volume is reduced to '/, of the
initial volume in the vacuum line. Following, pentane was added
until a precipitate appeared and the mixture was kept in the fridge
overnight to complete precipitation process. Next, the solid was
separated by filtration, washed with hot hexane and counter anion
exchange was carried out by redissolving the solid in the minimum
amount of methanol and adding NaBPh, to the methanolic solution
caused the precipitation of the desired green solid. Again, the solid
was separated by filtration and washed with methanol and diethyl
ether, affording the air-stable product characterized as
[Mo,S,Cl;(ed'p,p);1(BPh,) (0.110 g, 68 % yield).

'"H NMR (CD,Cl,, 400 MHz): 6=1.17 (dd, J= 15.1Hz and 7.4 Hz,
9H,CH;, Hy), 1.26 (dd, J=14.0 and 7.0 Hz,9H, CH;, HJ), 1.59-1.67(m, 9
H, CH;, H;), 1.70 (dd, J=15.5 and 7.0 Hz, 9H, CH;, H; ), 2.32-2.49(m,

or crystal instabilities were observed during data collection.
Absorption corrections based on the multiscan method were
applied.”®* The structures were solved by direct methods and
refined by the full-matrix method based on F* with the program
SHELXL-13 using the Olex2 software package.”*'*”

The structures of the complex salts [4]Cl-CH,Cl, and [Mo,S,Cl-
(OCOH),(ed'p,p);1BPh, - CH,CN were refined in the triclinic PI space
group. Graphics were performed with the Diamond visual crystal
structure information system software! Hydrogen atoms were
refined in their geometrically calculated positions using a riding
model, whereas those bond to disordered C atoms were not
included in the model. The non-hydrogen atoms of the clusters and
the counterions were refined anisotropically. In both cases, a
solvent molecule was found in the model. In the 4% complex one
of the chloride counter anions was found disordered over two
positions with relative occupancies of 0.58 and 0.42. Also, one C
atom of the isopropyl ligand was disordered over two positions,
C44 and C45, with relative occupancies of 0.5. For [Mo,S,Cl-
(OCOH),(ed'p,p),] ™, also one P atom of one of the ed'p, ligands was
disordered over two positions P28 A and P28B with a chemical
occupancy of 0.15 and 0.85. Nor restrains neither constraints were
employed during the refinement. One disordered molecule of
acetonitrile was modeled using the solvent mask tool (21 electrons
detected, 22 electrons assigned to the disordered CH,CN; solvent
r=1.2; truncation=1.2)

General procedure for FA dehydrogenation

A 3-neck double wall reactor is attached to a condenser connected
to a manual burettes system, illustrated in Figure 515, The apparatus
is purged 3 times and flushed with argon for 15 minutes. Solvent
and the catalyst are added under an argon overpressure. The setup
is heated to the desired temperature while being flushed with
argon. Once the temperature is reached, the burette is closed to
the atmosphere and the argon/vacuum line is closed. After letting
the system equilibrates for 30-60 min, the mixture formic acid:
amine is added into the reactor and the timer turns on. When the
reaction is finished, a 5 mL degassed syringe was used to obtain a
gas sample analyzed by gas chromatography.
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6H, CH,-N, Hp), 2.56 (m, 3H, CH-P, Hc), 2.74 (b, 3H, NH, H,), 3.16 (dp,

J=9.2 and 7.1 Hz, 3H, CH, H,); 3.32 (d, J=11.3 Hz, 3H, NH, H,); 3.37- Computational details

3.50 (m, 3H, CH-P, H,), 3.71 (h, ) =7.4 Hz, 3H, CH, H,);6.87 (t, J=

6.6 Hz, 4H, CH, BPh,"),7.03 (t, J=7.4 Hz, 8H, CH, BPh,"),7.29-7.34 (m, ~ DFT calculations were run with Gaussian 09 (Revision D.01).*!

8H, CH, BPh,™); "*C {"H} NMR (CD;CN, 101 MHz): $=20.77 (s, CH,, C),  Geometry optimizations were carried out at the BP86/BS1 level,***! z

21.39 (s, CH,, G, 21.61(s, CH,, Cp), 21.96 (s, CH,, o), 27.09 (d, CH,,  where Mo and 5 atoms were described using the SDD relativistic 3

Cp), 27.47 (d, CH, Cp), 29.65 (d, CH, C,), 46.57 (d, CH,, CJ), 12228 (s,  ECP and associated basis set,*”! with added polarization functions

CH, BPh,"), 126.19 (s, CH, BPh,™), 136.51 (s, CH, BPh,™); *'P{'"H} NMR for the latter ({=0.503),"" and the remaining atoms were described

(162 MHz, CD,Cl,) &: 53.55 (s, 3P) ppm; HR-MS (ESI) m/z caled for  with the 6-31G(d,p) basis set/**” Solvent effects (propylene 3

M05S5,Cl3C,,HgNsP; "2 1005.9100 [M]*; found: 1005.8958 Elemental  carbonate, €=64.0) were included self-consistently in these opti- 3

analysis (%) calcd for Mo;S,ClPsN;C gHgoB: C. 43.50; H: 6.08; N: 3.17;  mizations through the PCM method.”"** Temperature used was

S: 9.68; found C: 43.95; H: 6.18; N: 3.32; 5: 9.79. 120°C and atmospheric pressure. All stationary points were g
characterized at this level of theory by analytical frequency é:
calculations as either minima (all positive eigenvalues) or transition g

X-ray data collection and structure refinement states (one negative eigenvalue). Intrinsic reaction coordinate (IRC) i
calculations and subsequent geometry optimizations were used to f

Single crystals of [Mo,5,Cl(ed'p,p).]CI [4]CI cluster suitable for X ray
analysis were obtained by slow diffusion of pentane over a
dichloromethane solution containing the cluster. Crystals of
[Mo,S,CI(HCOOQ),(ed'p,p):]BPh, were grown by slow evaporation of
a sample solution of the reaction mixture between 4° and excess
of FA:Et;N (5:2) in CD,CN. Diffraction data collection was
performed at T=200(14) K on an Agilent Supernova diffractometer
equipped with an Atlas CCD detector. Mo-K, radiation (1=
0.71073 A) was used for cluster 4* and Cu-K, radiation (1=
1.54184 A) in the case of [Mo,S5,CI(OCOH),(ed'p,p)s]*. No instrument

ChemCatChem 2023, 15, €202300740 (9 of 11)

confirm the minima linked by each transition state. In addition,
single-point dispersion corrections were computed using Grimme’s
D3 parameter set and zero damping.”” Thus, the free energies
shown herein were obtained by adding the dispersion correction to
the Gibbs energies computed at the BP86/BS1(PCM) level,
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ABSTRACT: The efficient production of hydrogen from biomass-
or CO,-derived formic acid (FA) is of considerable attention for a
competitive hydrogen-powered economy. In this study, we report
the synthesis of effective palladium catalysts with tunable metal-
support interaction and electronic properties via a stepwise
annealing and reduction strategy. Highly dispersed Pd nano-
particles on carbon nitride with a moderate average charge were
identified as the optimal system. This material exhibits an increased
rate of gas formation under standard conditions by two orders of
magnitude compared to the commercially available benchmark
catalyst (Pd/C). The activity was further improved by optimally
adjusting the effects of solvent, temperature, amount of FA, and
additive, reaching a maximum of 1.46 L g, ™' h™". The state-of-the-
art catalyst shows superior long-term stability and is still active after 15 days of operation, achieving the highest total turnover
number of 41,395 of any known palladium system.

KEYWORDS: formic acid dehydrogenation, palladium, carbon nitride, heterogeneous catalysis, energy storage

1. INTRODUCTION performed mainly using different molecularly defined homoge-
neous catalysts based on Ru, Ir, Fe, Mn, and others.!'~1°
However, the addition of external additives such as a base,
often organic amines, is the prerequisite for high hydrogen
evolution rates. Meanwhile, the intrinsic drawbacks of
homogeneous systems include difficult catalyst separation,
recovery, and facile deactivation, which limit their practical
applications. Therefore, the development of efficient and
selective heterogeneous catalysts for additive-free FA dehydro-
genation is of interest.”'"'® Among the library of heteroge-
neous catalysts, supported palladium in combination with a
second or third element forming alloys or core—shell
nanostructures provides the most active and promising
catalysts for this type of reaction.”” ™' For example, core—
shell Ag@Pd was reported to exhibit almost 10 times higher
turnover frequency compared to the related single Pd catalyst,

Today’s worldwide fuel supply is dominated by nonrenewable
fossil fuels, which are the main reason for the significant
increase of carbon dioxide in our atmosphere since
preindustrial times."” In this context, green hydrogen is an
attractive and clean alternative with a high gravimetric energy
density that produces H,O as the only byproduct. It is
therefore regarded as one of the promising solutions to the
current dilemma of increased fuel demand and the resulting
environmental issues.” Compared to the traditional pressur-
ization of H, in a cylinder, the development of safe and
efficient techniques for reversible hydrogen storage and release
at will is the key to ensuring the success of a competitive
hydrogen-powered econumy.';' Among the currently explored
hydrogen carriers (eg, NH;BH; NaBH, N,H, CH;OH,
?qnh‘;?hne_than_z a;i d;ccaléné,; ml:n Ao Ok CMb?ﬁn ?wﬂde‘ which is explained by the improved electron transfer from Ag
erived formic acid (FA, ) has some specific features to Pd.** Other bimetallic or trimetallic alloys including PdAg,

[e.g., low toxicity (LDsp: 1.8 g/kg), abundancy, H,-capacity (53 ) )
/L. vk wt M)y and sople H, release], which makes it PdAu, PdCu, PdNi, PdAuCo, and PdAuNi have also

attractive for hydrogen storage.” Meanwhile, FA could be

directly synthesized from CO, and H,, underlining the green Received:  January 2, 2023

character of hydrogen storage in the form of FA.® Revised:  February 28, 2023
A hydrogen economy based on FA includes hydrogenation Published: March 27, 2023

of carbon dioxide and dehydrogenation of FA. Both steps have

been widely studied and, more recently, also combinations

thereof.™”™'" Catalytic dehydrogenation of FA has been

© 2023 American Chemical Society https://doi.org/10.1021/acscatal.3c00009

v ACS Publications 4835 ACS Catal. 2023, 13, 48354841
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Figure 1. (a) Scheme of synthesis of Pd-PCN catalysts. Representative HAADF-STEM images of (b) Pd-PCN, (c) Pd-PCN-350R, and (d) Pd-

PCN-500R are shown at the bottom.

demonstrated higher activity than monometallic Pd cata-
lysts.w‘z"‘z" However, the introduction of additional compo-
nents increases the complexity of the catalytic system,
complicates its preparation, and makes the structural control
more difficult. Instead of including other metals, altering the
particle size of Pd and changing the support to tune the
chemical environment of the catalytic sites are other strategies
to modulate the electronic properties of palladium cata-
lysts.lﬁ = In this regard, carbon materials, for example,
activated carbon, nitrogen/boron-doped carbon, and hierarchi-
cally porous carbon, are the most widely used sup-
porl:s.1 128,30,31 Notably, the utility of any catalyst depends on
various performance indicators, and high activity is only one of
them. In this respect, catalyst stability is crucial for most
applications, and long-term stability (days or weeks) still exists
as a challenge.

Polymeric carbon nitride (PCN) is a unique material that
contains a relatively high amount of nitrogen (ca. 60 wt %) and
hence is extensively used as a support for the stabilization of
metal nanoparticles or even single metal sites.” ™™ The
formation of an effective Mott—Schottky heterojunction
between the supported metals and PCN facilitates the charge
transfer at the interface, which is known to improve the
reactivity of the metal sites.”*” Furthermore, the presence of
numerous basic nitrogen sites is believed to promote H,
production by FA dehydrogenation. For example, mesoporous
carbon nitride-supported Pd nanoparticles (8—10 wt %) were
reported independently by Chen”” and Yoon,™ showing
enhanced catalytic FA dehydrogenation compared to mono-
metallic Pd and multimetallic CoAuPd and AgPd on carbon
materials.

Herein, we report the synthesis of PCN-supported Pd
nanoparticles with distinct electronic properties via a stepwise
annealing and reduction approach. The novel material
exhibited significantly improved activity for FA dehydrogen-
ation compared to the benchmark carbon-supported Pd
nanoparticles. For the first time, long-term stability (>2
weeks) of such catalysts could be achieved, reaching a
record-high total turnover number (TTON > 40,000).

61

2. RESULTS AND DISCUSSION

At the start of this project, a PCN support was prepared via
calcination of a preformed supramolecular complex between
melamine and cyanuric acid. The Pd-supported materials with
distinct metal species were synthesized according to a modified
procedure with a stepwise annealing (Pd-PCN) approach,
followed by further reduction at 350 °C (Pd-PCN-350R) or
500 °C (Pd-PCN-500R) (Figure 1a). The Pd content of these
samples was determined by inductively coupled plasma-optical
emission spectrometry to be 7.56, 7.92, and 8.42 wt % (Table
§1). The dispersions of Pd over these samples were revealed by
aberration-corrected high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM). As shown
in Figures 1b,c and S1, 52, the coexistence of Pd single atoms
(the bright spots on the lower atomic-number PCN support)
and particles are observed in Pd-PCN and Pd-PCN-350R,
although the average particle size in the former material (ca.
4—5 nm) is larger than that in the latter one (ca. 2—3 nm).
Further increase of the reduction temperature to 500 °C (Pd-
PCN-500R) resulted in the disappearance of single palladium
atoms, with the exclusive formation of Pd nanoparticles with a
size slightly below 6 nm (Figures 1d and S3). Moreover, a
significantly higher number of particles is observed in the
reduced samples (Pd-PCN-350R and Pd-PCN-500R) com-
pared to Pd-PCN, which suggests the facile migration and
agglomeration of Pd atoms during the reduction step.

The deposition of different Pd species does not alter the
intrinsic structure of PCN, which is confirmed by two similar
characteristic peaks at 26 of 12.8 and 27.7° in their X-ray
diffraction (XRD) patterns, corresponding to the periodic in-
plane and interlayer stacking of heptazine units, respectively
(Figure 2). The absence of diffractions from any Pd-related
compounds in Pd-PCN suggests the high dispersion or poor
crystallinity of Pd on PCN. On the contrary, a tiny peak of Pd
(111) at 20 of 40.1° emerged when the sample was reduced at
350 °C, which becomes more obvious if a higher reduction
temperature is applied, consistent with the microscopic results.
As evidenced by nitrogen sorption (Figure $4), the reduction
step improved the specific surface area from 68 m® g~! (Pd-

https://doi.org/10.1021/acscatal.3c00009
ACS Catal. 2023, 13, 4835-4841
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Figure 2. XRD patterns of Pd-PCN, Pd-PCN-350R, and Pd-PCN-
S00R.

PCN) to 95 m* g~ (Pd-PCN-350R) and 136 m* g~' (Pd-
PCN-500R). Further analysis by hydrogen temperature-
programmed reduction (H,-TPR) revealed negative peaks in
the order of Pd-PCN-500R > Pd-PCN-350R > Pd-PCN
(Figure S5), which could be attributed to the desorption of
hydrogen adsorbed during the synthesis or before reduction.
Furthermore, the chemical state of the prepared materials
was investigated by X-ray photoelectron spectroscopy (XPS).
The survey XPS evidenced the presence of C, N, O, and Pd in
all samples (Figure 3a), indicating the successful loading of
palladium. As shown in Figure 3b, the main peak at 288.3 eV is
observed in the C 1s XP spectra, which corresponds to the N—
C=N sites in the heptazine rings. The minor peak at 284.8 eV
arises from the concomitant C—C bonds. Three contributions
can be deconvoluted from the N 1s XP spectra: ring nitrogen
C—N=C (398.7 eV), tertiary nitrogen NC; (399.9 eV), and
terminal —NH, groups (401.1 eV) (Figure 3c). Note that the
area ratio of C—N=C/NC; is close to 6, confirming the

heptazine building unit. The distinct electronic properties of
the supported Pd species were examined by core-level Pd 3d
XP spectra (Figure 3d). The Pd in Pd-PCN exhibits a strongly
oxidized character with two peaks at 338.3 and 336.6 eV,
which can be attributed to Pd* and Pd*, respectively,
according to the formal assignments. The metallic Pd
fingerprint at 3353 eV appeared when the catalyst was
reduced in an H, atmosphere, which became the main
contribution at a higher reduction temperature (Pd-PCN-
S00R). As shown in the donut plots in the insets, significantly
different contributions of Pd” (purple), Pd** (blue), and Pd**
(green) are observed in these catalysts, Therefore, the
quantification of the average charge of Pd (Qy, defined by a
weighted average of the fitted peak areas from the
deconvoluted XP spectra) was calculated, which follows the
order of Pd-PCN (3.4) > Pd-PCN-350R (2.6) > Pd-PCN-
S00R (1.1). Note that the assignment of formal charges is
debatable, and these results are only used to highlight the
different degrees of oxidation and the strength of interaction of
the supported palladium with carbon nitride hosts.

The performance of the prepared catalysts was first
evaluated in the FA dehydrogenation in propylene carbonate
(PC) at 110 °C based on previous studies using less active
cobalt-based catalysts.””*’ The generated gas was measured
using a manual gas burette (Figure S6), and its composition
was analyzed by gas chromatography (GC) (exemplarily a
typical chromatogram is shown in Figure $7). As shown in
Figure 4a, all catalysts exhibited enhanced activity compared to
the commercial benchmark catalyst 5 wt % Pd/C (STEM
images in Figure S8). More specifically, the rate of gas
formation reached 766 mL g, ™' h™" in the case of Pd-PCN-
350R, followed by Pd-PCN (284 mL g.,.”' h™") and Pd-PCN-
S00R (183 mL g.,~" h™"). A volcano type of relationship could
be observed between Qpy and the catalytic activity of FA
dehydrogenation (Figure S9). On the contrary, the respective
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Figure 3. XPS of (a) survey, (b) C 1s, (c) N 1s, and (d) Pd 3d region of Pd-PCN, Pd-PCN-350R, and Pd-PCN-S00R. The donut plots in (d)
indicate the relative distribution of Pd° (purple), Pd** (blue), and Pd* (green).
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Figure 4. Dependency of the generated gas (H, + CO,) upon different (a) catalysts (5 wt % Pd/C, Pd-PCN, Pd-PCN-350R, and Pd-PCN-500R)
(T = 110 °C, 10 mL PC), (b) solvents (PhMe, H,0O, triglyme, p-xylene, and PC) (T, = 110 °C), (c) set temperature (90—130 °C), (d) amount
of FA (2.5—20 mmol), (e) additives [HCOONa (0.5—5 mmol) or p-TsOH (0.5 mmeol)], and (f) solvents in the presence of 2 mmol HCOONa.
(g) Gas production rate (L g_,~' h™') under different reaction conditions. Standard conditions if not otherwise noted: Pd-PCN-350R was used as
the catalyst, T, = 120 °C, 10 mL PhMe; 40 gmol Pd, 10 mmol FA. The superscripts in (a—f) correspond to the reaction conditions in (g), which

refer to the entries in Table S2.

gas evolution rate of the benchmark catalyst (S wt % Pd/C)
was as low as 8.9 mL g“,’l h™!, which is nearly two orders of
magnitude lower in comparison with the best catalyst Pd-PCN-
350R. Therefore, Pd-PCN-350R was selected for further
studies. Its performance could be significantly improved by
applying water, triglyme, p-xylene, or toluene as solvents,
where the latter stands out as the optimal reaction medium,
achieving a gas formation rate of >2000 mL g, ~' h™! (Figure
4b).

Thus, toluene was used as the solvent for further screening
tests. Increasing the reaction temperature from 90 to 120 °C
resulted in a linearly increased performance, with the rate
increasing from 629 to 3844 mL g, ' h™" (Figure 4c). Further
increasing the temperature to 130 °C only slightly improved
the rate to 4103 mL g, ' h™'; thus, 120 °C was applied as the
reaction temperature. Next, the optimal amount of FA was
examined (Figure 4d). The rate of gas formation increased
with increased FA amounts from 2.5 to 10 mmol, while a

63

higher amount of FA (20 mmol) was found to be detrimental,
thus affording a volcano-type performance. Also, the presence
of additives was found to impose a significant impact on the
activity. As shown in Figure 4e, the addition of basic sodium
formate (HCOONa) significantly affected FA dehydrogen-
ation performance. The gas formation rate reached 14,582 mL
gnfl h™ when 2 mmol HCOONa (20 mol % relative to FA)
was added. This is clear evidence that the dehydrogenation
reaction process occurred via a formate anion dehydrogenation
pathway.41 However, further increasing the sodium formate
amount exhibited a negative effect and decreased the rate to
8350 mL gm'l h™' in the case of the addition of 5 mmol
HCOONa (50 mol % relative to FA). Interestingly, no H, was
generated if only HCOONa was used without the presence of
FA. In contrast, the addition of a small amount of acid, for
example, p-toluenesulfonic acid (p-TsOH) (0.5 mmol, 5 mol %
relative to FA), suppressed the FA dehydrogenation reaction,
resulting in a much lower gas evolution rate of 312 mL g~

https://doi.org/10.1021/acscatal. 3c00009
ACS Catal. 2023, 13, 4835-4841
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Figure 5. (a) Long-term stability test of Pd-PCN-350R up to ca. 350 h under continuous dosage of FA. Conditions: T, = 120 °C, 10 mL triglyme,

40 pmol Pd, 10 mmol FA, and 2 mmol NaFA. The blue circles and orange bars indicate the cumulated gas formation (L) during 15 days of
operation and daily average gas production rate (L g, ' h™'). (b) Performance comparison of this work with previous Pd-based systems for FA

dehydrogenation. Detailed information can be found in Table S3.

h™". Furthermore, variation of the solvent concentration (10—
30 mL, 1 M) seems to have no effect on the catalyst
performance, showing a similar rate of gas formation (Figure
S10). The control experiment at optimized conditions (ie.,
PhMe: 10 mL; FA: 10 mmol; T,.,: 120 °C) without the catalyst
exhibited negligible gas generation (Figure S11). Next, to gain
insights into the adsorption of FA, in situ diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) was carried
out. As shown in Figure S12, FA was found to be adsorbed
(2938 cm™', C—H; 1791 cm™', C=0; 1200 cm™', C-0) as
formate”' on the surface of Pd-PCN-350R at 25 °C, which was
desorbed from the catalyst when increasing the temperature to
120 °C. The associated relative mass intensities for fragments
m/z = 2 (H,) and m/z = 44 (CO,) showed an increase in
intensity at elevated temperatures which might indicate
dehydrogenation of adsorbed FA (Figure S13). Unfortunately,
the formation of the intermediates of HCOOH* and CO,*
species could not be observed. An overview of the obtained gas
evolution rates under different reaction conditions is shown in
Figure 4g and Table S2.

A potential advantage of using carbon nitride as the support
for metal catalysts lies in its strong interaction between Pd and
carbon nitride support which enhances the stability of the
resultant catalysts. A preliminary investigation was performed
by adding fresh FA when the initial first batch of FA was
consumed (Figure S14). To our delight, the gas evolution was
resumed after 2 days of interval, which followed a linear

increase of gas production by adding the specific amount of FA
that was consumed for the given time (1:1 H,/CO, analyzed
by GC). After these encouraging results, the long-term stability
of the optimized catalyst was evaluated in a continuous dosage
mode, which proofed a robust catalyst performance up to ca.
350 h without obvious deactivation (Figure Sa). It should be
noted that the average gas evolution rate is found to be
constant throughout the reaction. The decreased rate of gas
formation between 142 and 230 h was due to the cumulation
of FA, which is caused by the mismatching between the
amounts of the consumed and added FA. Notably, the gas
evolution rate is recovered to the original level after stopping
dosage for a few hours. It is important to note that the catalyst
productivity (TTON) reached 41,395 during the long-term
stability test, which is significantly better compared to all
previous Pd-based systems (Figure 5b).

Analysis of the used Pd-PCN-350R catalyst by HAADF-
STEM showed the preservation of the morphology of the PCN
support and the supported Pd nanoparticles, although their
average size slightly increased from ca. 2.5 to 3.0 nm (Figure
§15). The diffraction peaks of Pd can be clearly observed in the
used catalyst (Figure S16), which was due to the highly
reductive reaction conditions. The XPS analysis of the used
catalyst was also performed, showing similar C 1s and N 1s
spectra compared with the fresh Pd-PCN-350R (Figure §17).
Moreover, the core-level Pd 3d XPS signal confirmed the
slightly reduced Pd species after FA dehydrogenation, with a

https://doi.org/10.1021/acscatal.3c00009
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smaller Qpy value of 2.5, showing the increased contribution of
metallic Pd from 14.4 to 18.4% (Table S1). Furthermore,
leaching of Pd was excluded by analyzing the metal content in
the recovered solvent.

3. CONCLUSIONS

In summary, we present a novel active and stable palladium
catalyst for FA dehydrogenation. Although Pd-based catalysts
have demonstrated impressive activity, their long-term stability
(days or weeks) remained a grand challenge, specifically under
acidic conditions. Crucial for the significantly improved
performance of this material compared to a commercial
benchmark system is the support of Pd nanoparticles on PCN.
The dispersion and electronic properties of the catalyst can be
easily tuned by a stepwise annealing and reduction strategy.
The optimal material with an ultrafine Pd nanoparticle size
(24 nm) and a moderate average charge (2.6) exhibits nearly
two orders of magnitude higher rate of gas formation from FA
in comparison to Pd nanoparticles on carbon. The excellent
stability of the optimized catalyst is shown by a long-term
experiment (>2 weeks) with only negligible loss of activity.
Thus, high productivity (TTON >41,000) was achieved too,
which is more than § times higher compared to the best Pd
system on nitrogen-doped carbon material. The findings
highlight the potential of designing an efficient Pd-based
catalyst for continuous hydrogen generation from the biomass-
derived liquid hydrogen carrier FA.

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acscatal.3c00009.

Additional experimental details, additional character-
ization results of HAADF-STEM, nitrogen isotherms,
H,-TPR, in situ DRIFTS, XRD, XPS, and a summary of
the literature on the representative Pd-based catalysts for
liquid-phase FA dehydrogenation (PDF)

B AUTHOR INFORMATION

Corresponding Authors
Henrik Junge — Leibniz-Institut fur Katalyse e.V,, Rostock
18059, Germany; ® orcid.org/0000-0002-7603-1984;
Email: henrik.junge@catalysis.de
Matthias Beller — Leibniz-Institut fiir Katalyse e.V., Rostock
18059, Germany; ® orcid.org/0000-0001-5709-0965;
Email: matthias.beller@catalysis.de

Authors

Zupeng Chen — Jiangsu Co-Innovation Center of Efficient
Processing and Utilization of Forest Resources, International
Innovation Center for Forest Chemicals and Materials,
Nanjing Forestry University, Nanjing 210037, China;
Leibniz-Institut fiir Katalyse e.V., Rostock 18059, Germany;
® orcid.org/0000-0002-7351-3240

Carolin Amber Martina Stein — Leibniz-Institut fiir Katalyse
e.V,, Rostock 18059, Germany

Ruiyang Qu — Leibniz-Institut fiir Katalyse e.V., Rostock
18059, Germany

Nils Rockstroh — Leibniz-Institut fiir Katalyse e.V,, Rostock
18059, Germany; ® orcid.org/0000-0001-6925-8577

Stephan Bartling — Leibniz-Institut fiir Katalyse e.V., Rostock
18059, Germany; © orcid.org/0000-0001-5901-7235

65

Jana Weifs — Leibniz-Institut fir Katalyse e.V., Rostock 18059,
Germany

Christoph Kubis — Leibniz-Institut fir Katalyse e.V., Rostock
18059, Germany; ® orcid.org/0000-0001-9549-2455

Kathrin Junge — Leibniz-Institut fur Katalyse e.V,, Rostock
18059, Germany; ® orcid.org/0000-0001-7044-8888

Complete contact information is available at:
https://pubs.acs.org/10.1021/acscatal. 3¢00009

Author Contributions

HJ. and M.B. conceived and coordinated all stages of this
research. Z.C. prepared and conducted the catalytic tests.
C.AM.S. contributed to the catalytic tests. R.Q. and K]J.
contributed to the synthesis. N.R. conducted the STEM
analysis. S.B. conducted the XPS anmalysis. JW. and C.K.
conducted the DRIFTS analysis. Z.C., H.J., and M.B. cowrote
the manuscript in discussion with other coauthors.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the National Natural Science
Foundation of China (22202105), the Natural Science
Foundation of Jiangsu Province (BK20210608), and the
Natural Science Foundation of Jiangsu Higher Education
Institutions of China (21KJA150003). Z.C. and R.Q. acknowl-
edge the support from the Alexander von Humboldt
Foundation. We thank the analytical team of LIKAT for
their kind support of the characterizations.

B REFERENCES

(1) Riahi, K., et al. GEA Writing Team Global Energy Assessment:
Toward a Sustainable Future 1203—1306; Cambridge Univ. Press and
IIASA, 2012.

(2) Fontecave, M. Energy for a sustainable world. from the oil age to
a sun-powered future. by nicola armaroli and vincenzo balzani. Angew.
Chem., Int. Ed. 2011, 50, 6704—6705.

(3) Schlapbach, L.; Ziittel, A. Hydrogen-storage materials for mobile
applications. Nature 2001, 414, 353—358.

(4) Wei, D.; Shi, X; Qu, R; Junge, K; Junge, H.; Beller, M. Toward
a hydrogen economy: development of heterogeneous catalysts for
chemical hydrogen storage and release reactions. ACS Energy Lett.
2022, 7, 3734—3752.

(5) Graetz, ]. New approaches to hydrogen storage. Chem. Soc. Rev.
2009, 38, 73—82.

(6) Dalebrook, A. F; Gan, W, Grasemann, M. Moret, §;
Laurenczy, G. Hydrogen storage: beyond conventional methods.
Chem. Commun. 2013, 49, 8735—8751.

(7) Dutta, L; Chatterjee, S.; Cheng, H.; Parsapur, R. K; Liu, Z,; Li,
Z.; Ye, E,; Kawanami, H,; Low, J. S. C; Lai, Z,; Loh, X. J; Huang, K.-
W. Formic acid to power towards low-carbon economy. Adv. Energy
Mater, 2022, 12, 2103799.

(8) Moret, S.; Dyson, P. J.; Laurenczy, G. Direct synthesis of formic
acid from carbon dioxide by hydrogenation in acidic media. Nat.
Commun. 2014, 5, 4017.

(9) Chatterjee, S.; Dutta, L; Lum, Y.; Lai, Z.; Huang, K.-W. Enabling
storage and utilization of low-carbon electricity: power to formic acid.
Energy Environ. Sci. 2021, 14, 1194—1246.

(10) Sun, R;; Liao, Y.; Bai, S.-T.; Zheng, M.; Zhou, C.; Zhang, T ;
Sels, B. F. Heterogeneous catalysts for CO, hydrogenation to formic
acid/formate: from nanoscale to single atom. Energy Environ. Sci.
2021, 14, 1247-1285.

(11) Wei, D; Sang, R,; Sponholz, P.; Junge, H.; Beller, M. Reversible
hydrogenation of carbon dioxide to formic acid using a Mn-pincer
complex in the presence of lysine. Nat. Energy 2022, 7, 438—447.

https://doi.org/10.1021/acscatal. 3c00009
ACS Catal. 2023, 13, 4835-4841



ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

(12) Loges, B; Boddien, A, Junge, H; Beller, M. Controlled
generation of hydrogen from formic acid amine adducts at room
temperature and application in H,/O, fuel cells. Angew. Chem., Int. Ed.
2008, 47, 3962—3965.

(13) Boddien, A.; Mellmann, D.; Girtner, F.; Jackstell, R.; Junge, H,;
Dyson, P. J; Laurenczy, G.; Ludwig, R.; Beller, M. Efficient
dehydrogenation of formic acid using an iron catalyst. Science 2011,
333, 1733—1736.

(14) Wei, D.; Junge, H.; Beller, M. An amino acid based system for
CO, capture and catalytic utilization to produce formates. Chem. Sci.
2021, 12, 6020—-6024.

(15) Sordakis, K; Tang, C.; Vogt, L. K; Junge, H; Dyson, P. J;
Beller, M,; Laurenczy, G. Homogeneous catalysis for sustainable
hydrogen storage in formic acid and alcohols. Chem. Rev. 2018, 118,
372-433.

(16) Mellmann, D.; Sponholz, P.; Junge, H.; Beller, M. Formic acid
as a hydrogen storage material—development of homogeneous
catalysts for selective hydrogen release. Chem. Soc. Rev. 2016, 45,
3954—-3988.

(17) Li, Z; Xu, Q. Metal-nanoparticle-catalyzed hydrogen
generation from formic acid. Acc. Chem. Res. 2017, 50, 1449—1458.

(18) Liu, M.; Xu, Y,; Meng, Y,; Wang, L; Wang, H.; Huang, Y;
Onishi, N.; Wang, L.; Fan, Z.; Himeda, Y. Heterogeneous catalysis for
carbon dioxide mediated hydrogen storage technology based on
formic acid. Adv. Energy Mater. 2022, 12, 2200817.

(19) Doustkhah, E; Hasani, M; Ide, Y,; Assadi, M. H. N. Pd
Nanoalloys for H, generation from formic acid. ACS Appl. Nano
Mater. 2020, 3, 22—43.

(20) Wang, C.; Astruc, D. Recent developments of nanocatalyzed
liquid-phase hydrogen generation. Chem. Soc. Rev. 2021, 50, 3437—
3484.

(21) Jiang, K; Xu, K; Zou, S,; Cai, W-B. B-doped Pd catalyst:
boosting room-temperature hydrogen production from formic acid—
formate solutions. J. Am. Chem. Soc. 2014, 136, 4861—4864.

(22) Tedsree, K; Li, T.; Jones, S.; Chan, C. W. A; Yu, K. M. K;
Bagot, P. A. J.; Marquis, E. A;; Smith, G. D. W; Tsang, S. C. E.
Hydrogen production from formic acid decomposition at room
temperature using a Ag—Pd core—shell nanocatalyst. Nat. Nano-
technol. 2011, 6, 302—307.

(23) Yan, J-M,; Wang, Z.-L; Gu, L;; Li, S.-J; Wang, H-L.; Zheng,
W.-T,; Jiang, Q. AuPd—MnO,/MOF—graphene: an efficient catalyst
for hydrogen production from formic acid at room temperature. Adv.
Energy Mater. 2015, 5, 1500107,

(24) Yan, J.-M; Li, $.-]; Yi, S.-S,; Wulan, B-R.; Zheng, W.-T ; Jiang,
Q. Anchoring and upgrading ultrafine NiPd on room-temperature-
synthesized bifunctional NH,-N-rGO toward low-cost and highly
efficient catalysts for selective formic acid dehydrogenation. Adv.
Mater. 2018, 30, 1703038,

(25) Wang, Z.-L.; Yan, ].-M.; Ping, Y.; Wang, H.-L.; Zheng, W.-T ;
Jiang, Q. An efficient CoAuPd/C catalyst for hydrogen generation
from formic acid at room temperature. Angew. Chem., Int. Ed. 2013,
52, 4406—4409.

(26) Zhu, Q-L; Song, F.-Z,; Wang, Q.-].; Tsumori, N.; Himeda, Y.;
Autrey, T; Xu, Q. A solvent-switched in situ confinement approach
for immobilizing highly-active ultrafine palladium nanoparticles:
boosting catalytic hydrogen evolution. J. Mater. Chem. A 2018, 6,
5544—5549.

(27) Li, J.; Chen, W.; Zhao, H.; Zheng, X.; Wu, L; Pan, H,; Zhu, J;
Chen, Y; Lu, J. Size-dependent catalytic activity over carbon-
supported palladium nanoparticles in dehydrogenation of formic acid.
J. Catal. 2017, 352, 371-381.

(28) Wang, Q.; Tsumori, N.; Kitta, M.; Xu, Q. Fast dehydrogenation
of formic acid over palladium nanoparticles immobilized in nitrogen-
doped hierarchically porous carbon. ACS Catal. 2018, 8, 12041—
12045.

(29) Podyacheva, O.Y.; Bulushev, D. A.; Suboch, A. N.; Svintsitskiy,
D. A, Lisitsyn, A. S; Modin, E; Chuvilin, A;; Gerasimov, E. Y,;
Sobolev, V. L; Parmon, V. N. Highly stable single-atom catalyst with

66

ionic pd active sites supported on N-doped carbon nanotubes for
formic acid decomposition. ChemSusChem 2018, 11, 3724—3727.

(30) Bi, Q.-Y,; Lin, ].-D.; Liu, Y.-M,; He, H.-Y,; Huang, F.-Q.; Cao,
Y. Dehydrogenation of formic acid at room temperature: boosting
palladium nanoparticle efficiency by coupling with pyridinic-nitrogen-
doped carbon. Angew. Chem,, Int. Ed. 2016, 55, 11849—11853.

(31) Li, Z; Yang, X; Tsumori, N; Liu, Z,; Himeda, Y.; Autrey, T ;
Xu, Q. Tandem nitrogen functionalization of porous carbon: toward
immobilizing highly active palladium nanoclusters for dehydrogen-
ation of formic acid. ACS Catal. 2017, 7, 2720-2724.

(32) Zhao, E.; Li, M.; Xu, B; Wang, X.-L,; Jing, Y.; Ma, D.; Mitchell,
S.; Pérez-Ramirez, J.; Chen, Z. Transfer hydrogenation with a carbon-
nitride-supported palladium single-atom photocatalyst and water as a
proton source. Angew. Chem., Int. Ed. 2022, 61, No. €202207410.

(33) Chen, Z; Vorobyeva, E; Mitchell, S; Fako, E.; Lépez, N.;
Collins, S. M.; Leary, R. K.; Midgley, P. A.; Hauert, R.; Pérez-Ramirez,
J. Single-atom heterogeneous catalysts based on distinct carbon
nitride scaffolds. Natl. Sci. Rev. 2018, 5, 642—652.

(34) Shi, H.; Wang, H.; Zhou, Y.; Li, ].; Zhai, P; Li, X.; Gurzadyan,
G. G.; Hou, J; Yang, H.; Guo, X. Atomically dispersed indium-copper
dual-metal active sites promoting C—C coupling for CO, photo-
reduction to ethanol. Angew. Chem. Int. Ed. 2022, 6I,
No. e202208904.

(35) Chen, Z.; Vorobyeva, E.; Mitchell, S.; Fako, E.; Ortufio, M. A
Lépez, N.; Collins, S. M.; Midgley, P. A,; Richard, S,; Vilé, G.; Pérez-
Ramirez, J. A heterogeneous single-atom palladium catalyst surpassing
homogeneous systems for Suzuki coupling. Nat. Nanotechnol. 2018,
13, 702-707.

(36) Wu, Y.; Wen, M,; Navlani-Garcia, M.; Kuwahara, Y.; Mori, K;
Yamashita, H. Palladium nanoparticles supported on titanium-doped
graphitic carbon nitride for formic acid dehydrogenation. Chem.-Asian
J. 2017, 12, 860—867.

(37) Cai, Y.-Y,; Li, X.-H.; Zhang, Y.-N,; Wei, X.; Wang, K.-X.; Chen,
J.-S. Highly efficient dehydrogenation of formic acid over a palladium-
nanoparticle-based mott—schottky photocatalyst. Angew. Chem., Int.
Ed. 2013, 52, 11822—11825.

(38) Lee, J. H; Ryu, J.; Kim, J. Y.; Nam, $.-W,; Han, ]. H;; Lim, T.-
H.; Gautam, S.; Chae, K. H.; Yoon, C. W. Carbon dioxide mediated,
reversible chemical hydrogen storage using a Pd nanocatalyst
supported on mesoporous graphitic carbon nitride. J. Mater. Chem.
A 2014, 2, 9490-9495.

(39) Li, X.; Surkus, A.-E.; Rabeah, J.; Anwar, M.; Dastigir, S.; Junge,
H.; Briickner, A; Beller, M. Cobalt single-atom catalysts with high
stability for selective dehydrogenation of formic acid. Angew. Chem.,
Int. Ed. 2020, 59, 15849—15854.

(40) Tang, C,; Surkus, A-E; Chen, E; Pohl, M.-M.; Agostini, G.;
Schneider, M.; Junge, H.; Beller, M. A Stable nanocobalt catalyst with
highly dispersed CoN, active sites for the selective dehydrogenation
of formic acid. Angew. Chem,, Int. Ed. 2017, 56, 16616—16620.

(41) Kim, Y.; Kim, S.-h; Ham, H. C; Kim, D. H. Mechanistic
insights on aqueous formic acid dehydrogenation over Pd/C catalyst
for efficient hydrogen production. J. Catal. 2020, 389, 506—516.

https://doi.org/10.1021/acscatal. 3c00009
ACS Catal. 2023, 13, 4835-4841



6.3  Development of a practical formate/bicarbonate energy system

Rui Sang’, Carolin A. M. Stein’, Thomas Schareina, Yuya Hu, Alexander Léval, Jonas Massa,
Volkan Turan, Peter Sponholz, Duo Wei*, Ralf Jackstell*, Henrik Junge*, and Matthias Beller*

Nat Commun, 2024, 15, 7268.
DOI: https://doi.org/10.1038/s41467-024-51658-2
Electronic supporting information is available online.

T These authors contributed equally.

Contributions:

For this paper, I designed and executed parts of the catalytic experiments. I performed and
analyzed parts of the long-term experiments for formate dehydrogenation. I conducted a
mechanistic analysis via NMR studies. In addition, I wrote the draft of the paper and the

supporting information. My contribution to this paper accounts for 40 %.

This article was published with a Creative Commons Attribution-NonCommerical-

NonDerivatives 4.0 International License and, thus, can be shared and reproduced without

restrictions.
[ cmem ™
Signature of the student Signature of the supervisor
Carolin A. M. Stein Prof. Matthias Beller

67



nature communications

Article

https://doi.org/10.1038/541467-024-51658-2

Development of a practical formate/
bicarbonate energy system

Received: 19 February 2024

Accepted: 14 August 2024 Duo Wei®'2

Published online: 23 August 2024

Rui Sang®"?, Carolin Amber Martina Stein'%*, Thomas Schareina’, Yuya Hu',
Alexander Léval', Jonas MassaZ, Volkan Turan®2, Peter Sponholz?,
, Ralf Jackstell®'

, Henrik Junge®'' & Matthias Beller ®’

™ Check for updates

Liquid (organic) hydrogen carriers ([18H]-dibenzyltoluene, MeOH, formic acid,

etc.) form a toolbox for the storage and transport of green hydrogen, which is
crucial for the implementation of renewable energy technologies. Simple
organic salts have been scarcely investigated for this purpose, despite many
advantages such as low cost and minor toxicity, as well as easy handling. Here,
we present a potassium formate/potassium bicarbonate hydrogen storage and
release energy system, that is applicable and shows high stability (6 months).
Utilizing ppm amounts of the molecularly defined Ru-5 complex, hydrogen
release rates of up to 9.3 Lh™ were achieved. The same catalyst system pro-
moted the hydrogenation of KHCO; to HCOOK with a TON of 9650. In this way,
combined hydrogen storage-release cycles can be performed for 40 times.

The widespread availability and use of low-cost energy has been one of
the most important pillars of global economic development over the
past century. It's also the foundation for the progress of mankind
regarding health and aging, food production, mobility as well as most
social activities. These positive advancements are based on an
increasing use of all kinds of resources. In fact, the demand of the
human population statistically exceeds the amount of biological
resources regenerated on earth by more than a factor of two', mainly
due to fossil-based energy generation. Since the industrial revolution,
global energy consumption has increased dramatically and is expected
to continue increasing”. This means that a complete change in the way
we generate and use energy will have to take place over the next two
decades. Accordingly, the reduction of carbon dioxide emissions by
using renewable energy sources is a crucial aspect. As most forms of
renewable energy, such as wind and solar power, are dynamic and not
constantly available, energy storage will be a vital part of this trans-
formation. Alongside classical engineering concepts, chemical energy
storage has recently attracted increased attention’. In this respect,
(green) hydrogen is a very promising energy carrier due to its avail-
ability from water via electrolysis utilizing renewable electricity'. Later
on, the stored energy can be released on demand via combustion or

with the aid of fuel cells providing water. Due to the physical properties
and the poor volumetric energy density of hydrogen, several (organic)
hydrogen carriers are considered for safe energy storage (Fig. 1)°. All
these concepts share the use of an available hydrogen acceptor that
can be reversibly hydrogenated and dehydrogenated using suitable
catalysts. Ideally, the resulting hydrogen carrier would be liquid at
ambient conditions, with the advantage that the current energy
infrastructure could be used for distribution. Apart from so called
liquid organic hydrogen carriers (LOHC), e.g. (hetero)arenes®, hydro-
gen can be converted with cheap and abandoned nitrogen or carbon
dioxide to form carrier molecules like ammonia™, methane’,
methanol'®", or formic acid (FA)”". Notably, a number of these pro-
cesses are currently investigated on pilot or demonstration scale'"”.
Formic acid is a particularly interesting hydrogen carrier with its
volumetric energy density of 1.77kWh L (relating to a volumetric
hydrogen content of 53 g H, L™). Compared to other carriers it shows
favorable thermodynamics for the individual hydrogenation and
dehydrogenation process (Eq. (1)). Both steps can be performed under
comparably mild conditions (<100 °C; <50 bar) and FA as well as its
derivatives are relatively non-toxic and can be easily handled'. In fact,
after the original proposal of FA for such applications'’, many research
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Fig. 1| The principal concept of chemical hydrogen storage considering energy
density and chemical hazards of hydrogen carriers. A Green hydrogen pathway
from production to utilization. Excess energy from renewable sources can be used
to electrolyze water. The hydrogen can then be chemically stored in so called

hydrogen carriers (HC) and released using suitable catalysts. Finally, energy can be
recovered via combustion or fuel cell’. B Overview of volumetric and gravimetric
energy densities for various energy carriers™". C Chemical hazards of loaded HC
compared to Ha. [1] Hazardous symbols are listed for DBT.

groups made important contributions to this research field ", Inter-
estingly, already in 2017, a comparative analysis of several process
options applying formic acid as a hydrogen carrier, showed that the
combination of aqueous, highly concentrated formate salts and their
corresponding bicarbonates allows achieving the highest energy
efficiency?.

A crucial issue for the use of carbon dioxide-based stationary
hydrogen storage is the release of CO, in the dehydrogenation reac-
tion (Eg. (1)). To reintroduce the carrier molecule CO, into the storage
system, energy-intensive gas purification is required, or an excess of
CO; must be available on site. In the case of FA, under acidic condi-
tions, the dehydrogenation step competes with dehydration yielding
CO (Eq. (2)), which is a well-known poison for fuel cells and precludes
many potential applications™. Both reaction pathways show minor
variations in free Gibbs enthalpy”, making the selective dehy-
drogenation of FA difficult.

Dehydrogenation : HCOOH(l)==H,(g) + CO,(g)
AG®= — 32.9Kmol ", AH? = +31.2kJmol ,45° = +216kJmol

Dehydration : HCOOH(l)=H,0(l) + CO @
AGY= — 12.4kJmol "}, AH® = +29.2KkJmol $,AS° = + 139kJmol !
To recycle the hydrogen acceptor (CO,) and avoid a net increase
in carbon dioxide emissions, we recently reported an a-amino acid-
promoted “chemical hydrogen battery” based on the reversible
hydrogenation of carbon dioxide to formic acid. Here, the

corresponding ammonium formate is the crucial intermediate, which
is formed by hydrogenation and can liberate the hydrogen. Even
though a high stability and reusability of the applied manganese cat-
alyst was achieved, a drawback of this system is the necessity to use
stoichiometric amounts of the respective amino acid lysine™. To solve
this problem, we became interested in the dehydrogenation of more
simple formate salts instead of FA/amino acid mixtures. Obviously,
dehydrogenation of metal formates in basic aqueous solution gives the
corresponding bicarbonates (Eq. (3)). The equilibrium of this formate/
bicarbonate cycle can be shifted easily, as the free energy change of the
cycle is nearly zero at near-ambient conditions, making it an attractive
reversible storage system. Although the volumetric energy density is
lower compared to FA (e.g. 29.1 g H, L™ for HCOOK (aq) at 25 °C)*, its
safety and toxicological aspects as well as sustainability make it an
ideal hydrogen storage system. Formate salts are non-corrosive, non-
irritating, non-toxic and compounded by earth-abundant elements,
making them cheap and easy to handle™.

HCOOM(aq) + H,0(l) = H,(g) + MHCO5(aq) 3)

2MHCO;(aq) == M,C05(aq) + CO,(g) + H,0() 4)

In general, the storage capacity of a formate/bicarbonate system
is limited by the solubility’’ of the respective salts. Figure 2 shows both,
the mass, and the molar solubility of various formates. Although
lithium presents the highest hydrogen content per weight (1.92 wt%)
among the alkali salts, the low solubility of lithium formate makes it
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Fig. 2 | Mass and molar solubility curves for different alkali formates depending
on the counter ion and the temperature’*. In the past decade, there have been
plenty of examples, both homogeneous as well as heterogeneous, for either the
hydrogenation of COy/bicarbonate™* or the dehydrogenation of FA/formate™ .
To realize a chemical hydrogen battery, it is necessary for both, the hydrogenation
and the dehydrogenation steps to be performed reversibly in the same device. This
requires the catalysts to be applicable to both steps. Ideally the whole catalytic
system (catalysts, additive, solvent) is applicable for both reactions. Another
challenge of such a system is to avoid carbon dioxide loss through bicarbonate
decomposition (Eq. 4), which would reduce the capacity of the hydrogen storage-
release system after each cycle, In fact, to the best of our knowledge, no stable
operating formate/bicarbonate storage system has yet been reported. Some of us

Temperature [°C]

have shown that an in situ formed Ru complexes enables a reversible hydrogen
storage system for one cycle starting from sodium formate or sodium
bicarbonate™. In the same year, Jo6 and Papp™*" reported a homogeneous Ru
system for formate/bicarbonate interconversion which was stable for 3 cycles in
total. Soon after this work, the groups of Olah and Prakash*, as well as Laurenczy™
described improved homogeneous systems. Applying heterogeneous Pd catalysts
Cao" and Lin** performed up to 6 cycles based on various bicarbonate salts.
However, in no case more than 10 bicarbonate hydrogenation/formate dehy-
drogenation cycles were achieved without recharging carbon dioxide or reactiva-
tion of the catalysts*. A detailed overview of state of the art systems for reversible
hydrogen storage and release based on carbon dioxide/bicarbonate and formic
acid/formate is provided in Supplementary Table 3.

unattractive for usage. Both rubidium (0.77 wt%) and potassium
(1.19 wt%) show high molar solubility at room temperature as well as at
elevated temperatures. Considering the availability and price of the
metals, potassium seems to be a good candidate for a hydrogen
battery.

Here, we report an important step towards the development and
practical implementation of a carbon-neutral hydrogen storage sys-
tem. In this respect, the interconversion of metal bicarbonates and
formates via (de)hydrogenation has been systematically studied. The
presented optimal reaction system enables CO-free hydrogen gen-
eration in the presence of Ru-P"N(H)P™ (Ru-5). Notable features of the
concept are the excellent catalyst stability (>40 cycles within 6
months) and good productivity for both reaction steps at low tem-
perature (90 °C).

Results

Evaluation of hydrogen generation step: dehydrogenation of
alkali formates (FD)

In an ideal hydrogen storage system, the same catalyst and solvent
system should be applied for both hydrogenation and dehydrogena-
tion steps. Nevertheless, to identify most suitable conditions for a
combined process, initially the hydrogenation of bicarbonate (BH) and
formate dehydrogenation (FD) were investigated separately. In gen-
eral, the nature of the formate/bicarbonate cation has a decisive
influence on the volumetric and gravimetric energy content of the
reaction system. Consequently, FD was studied utilizing Li, Na, K, Rb,
and Cs formates under identical conditions (Table 1 and Supplemen-
tary Table 4). In previous works, it has been shown that the latter
reaction proceeds well in aqueous DMF using [RuCl,(benzene)]; and
biphosphine ligands as in situ catalysts™.

Following this protocol, HCOOLi provided H, in 96% yield with a
TON of 3820 at 60 °C after 6 h (Table 1, entry 1). Notably, the obtained
gas contained a mixture of Hx/CO; in a ratio of 65/35, demonstrating
the loss of a significant amount of carbon dioxide in this system. In
contrast, simple HCOONa showed high H; productivity (98% yield;

TON =3920) and improved gas purity (H»/CO,=92/8) (Table 1, entry
2). Appling HCOOK as the starting material led to decreased dehy-
drogenation activity (45% yield and TON =1780), but at the same time
almost all carbon dioxide remained in the reaction solution (H./
C0,=99.5/0.5; Table 1, entry 3). HCOORb (58% yield and TON = 2320)
and HCOOCs (53% yield and TON =2120) showed comparable reac-
tivity with a gas proportion of H,/C0O,=90/10 and H,/C0O,=97/3,
respectively. Based on these results and considering substrate costs,
molar solubility, and the composition of produced gas, HCOOK was
chosen for further investigations.

Next, the impacts of different catalysts, co-solvent, and the
amount of water as well as reaction temperature were studied at
increased substrate concentration in more detail (Table 2, and Sup-
plementary Tables 5-8). First, different catalysts were tested. The
combinations of [RuCl;(benzene),l/dppe (Ru-1), [RuCl;(benzene),]l/
dppm (Ru-2) and RuCls/TPPTS (Ru-3) showed low productivity with H,
yields <15% and TONs <1600. In all cases, the ratio of Hy/CO, was
around 99/1 (Table 2, entries 1-3). The activity of the defined complex
Ru-4 was slightly improved compared to the in situ generated system
(Table 2, entry 4). Higher productivity was achieved with ruthenium
pincer complexes. Using Ru-P*'N(H)P** (Ru-5), Ru-MACHO (Ru-6), Ru-
MACHO-BH (Ru-7) and Milstein”s Ru-catalyst (Ru-8) H, yields up to
63%, and TONs up to 7110 were obtained (Table 2, entries 5-8), Again,
the CO; release was negligible (<0.5%). Besides ruthenium, different Ir-
pincer catalysts were tested. Ir-1 showed good results (69% H, yield,
TON 7790), but the reactivity decreased with the reaction time
(Table 2, entry 9). Notably, the water-soluble Ir-Cp” complexes Ir-2 and
Ir-3, which work well in formic acid dehydrogenation, showed no
activity under these basic conditions (Table 2, entries 10-11). Overall,
Ru-5 was selected as the catalyst for further investigations, Almost full
conversion of HCOOK was obtained by increasing the reaction time
from 6 h to 13 h (TON 11,260, Table 2, entry 13). Further increasing the
substrate amount to 275 mmol, a TON 0f 17,390 and 62% H, yield were
observed (Table 2, entry 14). Additionally, increasing the reaction
temperature and/or decreasing the catalyst amount (3.6 ppm) gave
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General conditions: Formate (20 mmol), [RuCl{benzene)],/dppe (0.025/0.15 mol%, 5/30 pmol), DMF/H,0 (20/5 mL), 60 °C, & h. Volume and content of the gas phase were analyzed by manual burettes and gas chromatography (GC), respectively, after correction

by the blank volume. CO is undetectable in all cases (CO quantitation limit of the applied GC is <10 ppm). Yield of H; is calculated by (mmol Hz)/{mmol HCOOM)100%. TON of H, is calculated by (mmol Ho)/(mmol catalyst). All experiments were performed at least

twice; average values are shown (St. Dev. <10%). dppe: 1,2 bis(diphenylphosphincjethane.

excellent H, yields up to 99% and TONs up 263,200 (Table 2, entries
15-17). Noteworthy, utilizing Ru-5 for HCOONa dehydrogenation
instead of HCOOK gave significantly lower H; yield and purity (Table 2,
entry 12). Among the different co-solvents tested, sulfolane, t-amylol,
and triglyme allowed for significant hydrogen production rate; how-
ever, DMF performed best in FD (Supplementary Table 8). Then, the
ratio of DMF and water was varied. Optimal results with respect to
catalyst activity and CO, release were obtained in DMF/water (15/10)
(Table 2, entry 18 and Supplementary Table 8, entries 15-19). With
regards to the activity of Ru-5 in the BH (see next chapter, Table 4),
different ratios of triglyme were investigated for FD, too (Table 2,
entries 18-20 and Supplementary Table 8). Using the solvent ratio of
15 mL triglyme and 10 mL water, the highest gas purity within the tri-
glyme experiments was reached. Under the standard conditions 32%
H; yield were observed with a gas ratio of 94/6 Hz/CO; (Table 2, entry
19; for 275 mmol HCOOK: 30% H; yield, 92/8 H,/CO;,; Table 2, entry
20). Elongation of the reaction time from 6 h to 46 h increased the
yield to 91% (Table 2, entry 21). Thus, FD productivity in triglyme/H,0 is
comparable to DMF/water (although activity is lower), and full con-
version of formate in triglyme/H,0 is possible.

To showcase the catalytic efficiency, the dehydrogenation of
HCOOK was performed on >250 g-scale (3 mol) with only 3.3 ppm
catalyst Ru-5, using DMF/H,O (150/100). Full conversion was
observed with a remarkable gas release of >72L in 25 h. This corre-
sponds to a practically relevant catalyst turnover number (TON=
290,000), frequency (TOF.x=38,400h™"), maximum space-time-
yield (0.76 molh™ L), and rate of hydrogen release;,x (9.3Lh™)
(Table 3 and Supplementary Table 10; for reaction in triglyme/H,O
see Supplementary Table 11). The purity of the produced hydrogen
was 97% and no CO was detected (detection limit <10 ppm) under
these reaction conditions.

Evaluation of the hydrogen storage step: hydrogenation of
potassium bicarbonate (BH)

Similar to the dehydrogenation experiments, different catalysts, sol-
vent mixtures, and temperatures were examined for the hydrogena-
tion step (Table 4 and Supplementary Table 12). In an ideal hydrogen
storage device both H, loading and release should be performed in the
presence of the same catalyst system (catalyst, solvent). Consequently,
selected well-performing catalysts in FD were investigated for their
capability of BH in DMF/H,0 (20/5 mL) at 90 °C (Table 4, entries 1-7).
Since Ru-1, Ru-5 and Ru-7 exhibited similar activities (<7% yield) in BH,
Ru-5 was selected for further studies due to its superior performance
in the dehydrogenation. Unfortunately, DMF was partially decom-
posed under hydrogen pressure due to catalytic reductive cleavage of
the amide®. To avoid this issue, further catalytic experiments were
conducted using triglyme as co-solvent. Triglyme was chosen for its
anticipated stability, thermal resistance (boiling point 216 °C) and
previous performance in the formate dehydrogenation vide supra.
Noteworthy, applying triglyme water mixture as solvent in FD,
hydrogen yields >91% were achieved (Table 2, entries 18-20; Supple-
mentary Table 8).

Interestingly, the concentration of this co-solvent has a significant
effect on the hydrogenation reaction. While a low yield (4%; Table 4,
entry 8) was observed at a triglyme/H,0 ratio of 20/5 mL, increasing
the water concentration led to a significant increase in the formate
yield up to 74% (Table 4, entries 9-12). As expected, decreasing the
reaction temperature from 90 °C to 50 °C resulted in reduced formate
yields (Table 4, entries 13-14 and Fig. 2).

Combination of hydrogenation and dehydrogenation steps:
demonstration of H, storage and release cycles

To demonstrate the stability of the catalysts system, we investigated
the cyclability of the (de)hydrogenation over a long period with an
appropriate number of cycles. Principally, the storage capacity of a
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Table 4 | Catalytic hydrogenation of KHCO; to HCOOK in aqueous DMF and triglyme

KHCO,  + Hy Catalyst (10 ymol) HOOOK '+ HaG
135 mmol 50 bar sokanUiii st )
T°C,18h

Entry Cat. Solvent/H,O [x/y mL] T[°C] HCOOK yield [%] TON
1 Ru-1 DMF/H,0 (20/5) 90 910
2 Ru-3 DMF/H,0 (20/5) 90 2 300
3 Ru-5 DMF/H,0 (20/5) 90 T 990
4 Ru-6 DMF/H,0 (20/5) 90 6 810
5 Ru-7 DMF/H,0 (20/5) 90 7 910
6 Ir1 DMF/H,0 (20/5) 90 4 488
7 Ir-3 DMF/H,0 (20/5) 90 <1 120

8 Ru-5 triglyme/H,0 (20/5) 90 4 590
9 Ru-5 triglyme/H;0 (15/10) 90 74 9650
10 Ru-5 triglyme/H;0 (12.5/12.5) 90 63 8040
b1 ] Ru-5 triglyme/H,0 (10/15) 90 66 8410
12 Ru-5 triglyme/H,0 (5/20) 90 67 8580
13 Ru-5 triglyme/H;0 (15/10) 75 50 6650
14 Ru-5 triglyme/H,0 (15/10) 60 39 4540

General conditions: 100 mL autoclave, 135 mmol KHCO3. 10 pmol catalyst, x mL co-solvent, y mL H;0, 50 bar Hy, T °C, 18 h. Yields and TON values were determined by 'H NMR using DMSO as an
internal standard. All experiments were performed at least twice: average values are shown (St. Dev. <10%).
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pressure release, FD was started: 90 °C, 12 h. The generated gas was measured with
manual burettes. The gas was analyzed by GC. CO is undetectable in all cases (CO
quantitation limit of the applied GC is <10 ppm).

hydrogen battery relies on both, FD and BH performence. Thus, a
compromise of productivities achieved in FD and BH has to be made.
Taken all results from the (de)hydrogenation into account, triglyme/
H20 (15/10 mL) was chosen as the appropriate solvent due to its high
stability and activity in BH (up to 74%) and almost full conversion for
FD (up to 91%). The individual formate dehydrogenation and bicar-
bonate hydrogenation steps were combined using a 100 mL autoclave
in the presence of KHCO; (135 mmol), Ru-5 (10 ymol, 74 ppm). As
shown in Fig. 3, 40 consecutive cycles of hydrogen storage and release
were performed over a period of 6 months. While in the first two
experiments, a slight decrease of the hydrogen yield was observed,

from the third run onwards, highly stable activity and hydrogen yields
were obtained (3rd cycle: 1195 mL; 37th cycle: 1116 mL). In 40 hydrogen
storage and release cycles, nearly 50L of hydrogen with an average
purity of 99.5% were generated utilizing ppm amounts of Ru-5. In
addition, the produced gas contained <0.5% carbon dioxide and less
than 10 ppm carbon monoxide. As shown above, the hydrogen yield
can even be increased by the elongating the reaction time. By short-
ening the FD reaction time, we were able to show that the optimal
molecularly defined Ru complex allowes for a stable operation of the
hydrogen generation for 6 months, demonstrating its potential for
practical applications.
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Discussion

The present work describes a robust carbon neutral formate-based
hydrogen storage and release system consisting only of HCOOK,
KHCOj;, water, an organic solvent and ppm amounts of the com-
mercially available ruthenium complex Ru-5. Under comparably mild
conditions, without the addition of a base or a Lewis acid, a note-
worthy efficiency for HCOOK dehydrogenation was achieved. Per-
forming the dehydrogenation reaction in DMF/H,0 (150/100) led to a
maximum hydrogen release rate of 9.3 L/h (>72L gas in 25h with
space-time-yield,, of 0.76 mol h™ L"), On the other hand, the same
catalyst promoted H, storage in HCOOK from KHCO; using triglyme/
H,0 (15/10) with a TON of 9,650. The combination of the individual
storage and release processes, based on the optimal reaction con-
ditions for BH, led to a very stable system, which was tested for 6
months with 40 cycles. The average H, purity obtained in triglyme/
H,0 (15/10) was 99.5% with <10 ppm CO detected in the produced
gas (GC quantification limitation <10 ppm). The overall efficiency of
the 40 cycles is 22%. However, elongating the reaction time for FD
increases the H, yield and consequently the potential storage effi-
ciency. Based on the separate (de)hydrogenation reactions, a storage
efficiency of up to 67% is possible. The results demonstrate the
technological readiness of this methodology and pave the way for
the construction of a carbon-neutral chemical hydrogen battery set-
up employing HCOOK/KHCO; salts.

Methods

General procedure for FD

Under an Ar atmosphere, 113 mmol HCOOK (9.5g), HO and the co-
solvent (25 mL in total) were added to a 50 mL three-neck glass reactor
equipped with a magnetic stir bar. The reaction solution was heated to
60 °C if not stated otherwise. Following, the reaction was started by
addition of 10 pmol metal catalyst and performed for 6 h. Passed
through a cooling condenser, the generated gas was collected by a
manual burette and the volume was corrected by the blank volume.
The gas was analyzed by GC.

General procedure for BH

Under an Ar atmosphere, 135 mmol KHCO; (13.5g), 10 umol catalyst
and the respective solvent mixture (25mL in total) were added to a
100 mL autoclave. The autoclave was pressurized with 50 bar H,. The
reaction solution was heated to the desired temperature and stirred
for 18 h. Water (50 ml) was added, washing along the inner wall of the
glass inlet and dissolving the bicarbonate as well as formate. DMSO
(1 mL, 14.08 mmol) was added as an internal standard to the solution. A
mixture of 0.4 mL of the reaction solution with 0.1 mL of D,0 was then
analyzed by 'H NMR.

Data availability

The experimental and analytical data generated in this study are pro-
vided in the Supplementary Information. All data are available from the
corresponding author upon request.
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ABSTRACT: The catalytic interconversion of the formate/bicarbonate redox system has emerged as a promising
method of chemical hydrogen storage. This energy system is inherently safe and hydrogen storage and release
can be easily controlled by pressure or temperature. The presented study focuses on the synthesis of industrial-
relevant palladium on carbon egg-shell catalysts for reversible hydrogen storage, employing novel methods that
maximize material efficiency and a relatively simple process. The form of the catalyst material and its stability
enable its use in industry, as demonstrated in a fixed bed reactor. The presented Pd/C catalyst is active in both
the storage of hydrogen via hydrogenation of bicarbonate and the release of the gas via formate dehydrogenation,
Applying the optimized catalyst, hydrogen release rates of up to 17.4 Lh* were achieved corresponding to 180 L
of CO-free hydrogen gas produced in three consecutive half-cycles.

1. INTRODUCTION storage, transport, and utilization. To overcome this

inherent problem, a variety of concepts have been

In 2024, fossil fuels such as coal, oil, and natural gas
accounted for 37.4 billion tons of the global CO,
emissions. This is approximately 90 % of the total

proposed.? Besides traditional storage methods
(compression or liquefaction), chemical storage of
hydrogen has been proposed using liquid organic

hydrogen carriers (LOHC),** metal hydrides,*¢ as
well as bulk chemicals such as ammonia,”® formic
acid®® and methanol.'*'?  From a toxicity
perspective, hydrogen storage systems based on the
bicarbonate /formate redox equilibrium offer

global release marking an increase of 0.8 % from the
previous year.! Achieving carbon neutrality and
mitigating climate change necessitates the
decarbonization of the energy sector. Green
hydrogen, produced via water electrolysis using
renewable energy, offers high energy density and
CO, neutrality. However, its volatility and low
volumetric energy density pose challenges for
Table 1. Properties of different chemical hydrogen carriers versus compressed hydrogen,!13141516

Hydrogen Carrier Toxicity | Storage H, Volumetric Gravimetric
Conditions content | Energy Energy Density
[wt.9%] | Density [g/L] | [M]/L]

H, - 700 bar 100 41.4 497

MgH, Toxic Ambient 7.6 110 13.2
Perhydro-benzyltoluene/benzyltoluene | Toxic Ambient 6.2 56.0 6.72

Ammonia Toxic -33.5°C,1bar | 176 136 11.5

Methanol Toxic Ambient 12.6 150 17.8

Formic Acid Toxic Ambient 4.4 534 5.9
Formatel®)/Bicarbonate - Ambient 22 45.7 2.0
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|a] Solid potassium formate. [b] 10 M solution of potassium formate.

advantages over previously mentioned systems (see
Table 1). Here, bicarbonate (HCO3;) can be
hydrogenated to form the corresponding formate
(HCO;) salt (hydrogenation of bicarbonate, BH).
This half-cycle can be completed by the
dehydrogenation of formate (FD), which releases
the gas (see Schemel). The reversible
(de)hydrogenation  reactions only require
(dehydrogenation) or yield (hydrogenation) an
additional molecule of water. Formates are non-
corrosive, non-irritating and show low toxicity.!

Scheme 1. Hydrogen storage based on the
formate/bicarbonate redox equilibrium.

’/-— Hydrogen Economy —\

KHCO; + Hy KHCO; + HO AG = -0.72 klimol
Bicarbonate Formate
0,
"9@ Electrolysis

H,0

Renewable Energy

Fuel Cell

\@'—

Excess electricity is converted into green hydrogen via

J

electrolysis. Hydrogen can be safely stored in formate
by hydrogenolysis of bicarbonate. After release,
hydrogen can be converted into electricity in a fuel cell.

Numerous catalysts, including both homogeneous
and heterogeneous ones, have been reported to
catalyze one of the two distinct reactions (SI,
Table $1).77-2° The most active heterogeneous
catalysts for bicarbonate hydrogenation are based
on palladium with supports like activated carbon
(AC), carbon nitrides (CN) and metal oxides as well
as mixed metal catalysts. The hydrogenation of
sodium bicarbonate dates back to the work of the
groups of Bredig and Carter in 1914, who used
simple Pd black as a catalyst.?! More recently, Su et
al. utilized Pd/AC at 5 wt% to achieve formate
yields of 43 % and a TON of 782 (NH,COOH) while
working at T=20°C, p(H;) =27.5bar and t =1 h.*?
Using mesoporous graphitic CN (2.0 wt.% Pd/mpg-
C3N,) Shao et al. demonstrated yields up to 85 %.%3
Mixtures of metals enhanced the catalyst activity
further. Masuda et al designed a TiO, shell-coated
Pd/Ag catalyst (1.0wt% Pd, 0.5wt% Ag)

supported on TiO; that achieves TON up to 820 for
hydrogenation of sodium bicarbonate.?*

The catalytic concepts that proved highly efficient in
the hydrogenation, also exhibit good performance in
the catalysis of formate dehydrogenation. Hwang
and coworkers demonstrated that activated carbon
is also a good support for this type of reaction,
yielding 92 % H, and a TOF of 6190 h! using
ammonium formate in the presence of 3 wt.%
Pd/AC. Furthermore, palladium nanoparticles
supported on Ti0,, as used by Wang, showed TOF of
up to 2184 h? after 10 min at 25°C. In addition,
bimetallic catalysts supported in activated carbon
were employed for the dehydrogenation process.
Nakajima et al. showed that Pd-Au/AC (molar ratio
1:4.91 wt.% Ag + Pd) yields up to 5136 mmol/g*h of
hydrogen leading to a TOF of 4200h? for
ammonium formate.

The cyclability of the reaction was first reported for
homogeneous catalyst systems. Some of us
demonstrated that an in situ formed Ru complex
enables areversible hydrogen storage system based
on bicarbonate and formate.?* Recently, our group
also demonstrated a homogeneous Ru catalyst
capable of 40 hydrogenation-dehydrogenation
cycles for this energy storage system.?®
Interconversion between formate and bicarbonate
is easily adjustable via pressure or temperature, The
first heterogeneous catalyst systems for reversible
dehydrogenation of aqueous formate to bicarbonate
have been published by Sasson?” and Cao.?®

While these studies demonstrate high catalytic
activity at the laboratory scale, further challenges
are faced when attempting to implement them on an
industrial scale. Catalysts for industrial processes
should be easy to separate from the reaction
products to facilitate efficient recovery and
recycling without the need for complex separation
procedures, a factor that often renders
homogeneous catalysts disadvantageous. Catalysts
must be mechanically robust to withstand long-
term operation without particle fragmentation,
which can lead to pressure drops and clogging.?®
Economic viability is also a crucial consideration.
The high cost of precious metals necessitates
optimized metal loading and dispersion. Carbon-
based supports offer high surface area, aid in metal
recovery and recycling, and align with sustainable
industrial practices.?® Moreover, catalyst synthesis
must be simple, reproducible, and scalable to ensure
industrial viability.®

ACS Paragon Plus Environment

79



Page3of 17

00NV W=

ACS Sustainable Chemistry & Engineering

To address these challenges, structured catalyst
supports are employed, such as pellets or
extrudates, which have been shown to offer
enhanced flow properties while preserving catalytic
efficiency.?® Impregnation yields egg-shell type
catalysts, where the active phase is concentrated on
a thin outer layer, ensuring uniform macroscopic
distribution of active sites,* This design allows
rapid product migration away from the active sites,
thereby  preventing unwanted consecutive
reactions, such as overreduction in hydrogenation
reactions.?” Consequently, such materials are
frequently used in industry e.g. for selective
hydrogenation reactions like Fischer-Tropsch,*?

In this study, we focus on the design and
optimization of Pd/C egg-shell catalysts for
reversible hydrogen storage in the formate/
bicarbonate redox system. The objective is to
identify a suitable commercially available carbon
support and to explore key synthesis parameters
that influence uniform shell-impregnation, catalytic
performance, and industrial applicability while
ensuring that the synthesis remains economically
viable, scalable, and technically straightforward for
large-scale production.

2. MATERIALS AND METHODS

2.1 Catalyst Preparation. General procedure for
the carbon support screening: A solution of
Na;PdCl, (0.40 mmol, 20.0 mL H,0) was added
dropwise to 808 mg carbon supportin 40.0 mL H,0.
The reaction was stirred for 12h at room
temperature, filtered and washed. The dry sample
was reduced with 5% H; for 2 h at 200 °C (heating
5 °C/min).

General procedure for the synthesis based on
AKROS C1: A solution of Na,PdCl, (0.08-0.40 mmol,
10.0 mL H,0; if noted: chelating additive) was added
dropwise to 808 mg carbon pellet support AKROS
C1in 50.0 mL H,0 atroom temperature or 60°C. The
reaction solution was stirred until it cleared up. The
solvent was removed via filtration (for room
temperature) or via evaporated at 60 °C. If noted,
the catalyst was calcinated for 2 h at 200 °C. Then
the catalyst was reduced with 5 % H; for 1-4 h at
100-400 °C (heating 5 °C/min).

Synthesis of the final catalyst Pd-C1-0A-Ox A
solution of Na,PdCl, (1.00 mmol) and 2.0 eq oxalic
acid (1.98 mmol) in 30.0mL H;0 was added
dropwise to 5 g carbon pellet support AKROS C1 in
95.0 mL H,0 at 60°C. The reaction solution was

stirred until it cleared up. The solvent was
evaporated at 60 °C. The washed and dried catalysts
was calcinated for 2 h at 200 °C, then reduced with
5 % H, (50.0 mL/min) at 200 °C for 2 h (heating rate
5 °C/min).

2.2 Catalyst Performance Test. Bicarbonate
hydrogenation (BH) and formate dehydrogenation
(FD) was performed to evaluate the catalysts
performance. In a typical hydrogenation (BH)
5.40 mmol potassium bicarbonate and 20 mg
catalyst were place in 12.0 mL vial, evacuated,
flushed with Ar and dissolved in 1.5 mL degassed
H,0. The vials were positioned in a 300 mL
autoclave, flushed with H; for three times and
pressurized with 30 bar H,. The reaction was heated
at 60 °C for 18 h. The formate yield was determined
by 'H NMR based on the internal standard DMSO.

Formate dehydrogenation (FD) was performed in a
double walled glass reactor connected to a manual
burette at ambient pressure. The reaction vessel
was loaded with 250.00 mmol potassium formate,
7.50 mmol potassium carbonate and 106 mg
catalyst. The vessel was evacuated, flushed with Ar
and filled with 25.0 mL degassed H,;0. The reaction
was heated to 60°C and dehydrogenation was
performed for 3 h. Yield is based on the evolution of
H; (Gas constitution verified via GC. CO
quantification limit <10 ppm).

2.3 Catalyst Characterization. Elementary
analysis (EA) was performed with a Leco TruSpec
Micro CHNS Elemental analyzer for the
quantification of C, H, N and S. Other elements were
quantified via Atomic emission spectroscopy (ICP-
0ES) using Varian/Agilent 715-ES. Pellets have
been analyzed as powders.

Scanning Electron Microscope (SEM) analysis was
performed on a Thermo Fisher Scientific (Hillsboro,
USA) Quattro S equipped with a Thermo Fisher
Scientific UltraDry 60M Energy Dispersive X-ray
Spectrometer (EDXS) for elemental identification. A
secondary (SE) detector (Everhart-
Thornley type) and a backscatter electron (BSE)
detector (solid-state detector, segmented) have
been used for image acquisition. The microscope
was operated at 15 kV acceleration voltage. Pellet
samples have been analyzed as presented.

electron

Scanning transmission electron microscopy (STEM)
measurements were performed at 200 kV with a
probe aberration-corrected JEM-ARMZ200F
(microscope: JEOL, Japan; corrector: CEOS,
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Germany) using annular bright field (ABF) and high
angle annular dark field (HAADF) detectors. The
microscope is equipped with a DRY SD60GV (JEOL)
energy-dispersive X-ray-spectrometer (EDXS) for
chemical analysis. The outer pellet surface has been
scraped off the pellet and was deposed on a holey
carbon supported Cu-grid (mesh 300) without any
further pretreatment and transferred to the
microscope.

The XPS measurements were performed on an
ESCALAB 220iXL (Thermo Fischer Scientific) with
monochromated Al Ka radiation (E = 1486.6 V).
Samples are prepared as complete pellet on a
stainless-steel holder with conductive double-sided
adhesive carbon tape. The electron binding energies
were obtained without charge compensation
leading to a main C 1s peak at around 284.5 eV. For
quantitative analysis the peaks were deconvoluted
with Gaussian-Lorentzian curves using the software
Unifit 2023. The peak areas were divided by the
transmission function of the spectrometer and the
element specific sensitivity factor of Scofield. The
depth profiling is performed in the same machine
using EX-05 sputter source (Thermo Fischer
Scientific) with an Argon pressure of 2-107 mbar
with an acceleration voltage of 2 kV, resulting in a
sputter current of approximately 2.0 pA.

3. RESULTS AND DISCUSSION

Based on our recent results applying homogeneous
catalysts, we sought to optimize the formate/
bicarbonate hydrogen storage system with a focus
on industrial applicability. In our previous work a
triglyme/water  solvent mixture and the
homogeneous catalyst Ru-Macho-Pr were used for
bicarbonate hydrogenation yielding up to 74 % of
formate (TON =9650).%¢ In the present study, we
have selected water exclusively as a green solvent.
Although organic solvents like triglyme are

commonly used to enhance the catalyst activity,
their utilization comes with significant drawbacks
in comparison to water. Organic solvents exhibit
higher levels of toxicity and flammability, raising
safety concerns that could hinder social acceptance
of the respective technology.?* Furthermore, it is
important to consider the financial implications, as
organic solvents generally cause higher costs
compared to potassium bicarbonate itself,
rendering them less economical for industrial
applications. Therefore, choosing water ensures
both safety and economic concerns.

Eliminating the organic phase resulted in a
substantial decline in activity for bicarbonate
hydrogenation with Ru-Macho-Pr (20 % yield in
BH; SI, Table 52, entry 8). Although homogeneous
catalyst systems are generally quite active and
selective towards both the hydrogenation and
dehydrogenation reaction, they pose significant
challenges in terms of separation from the final
product in industrial settings. Therefore, the
performance of commercially available
heterogeneous catalysts was tested next
Investigating various metals, we found that Pd
demonstrated the highest activities in BH (SI,
Table S2, entries 15-24) with yields up to 49 % in
BH (SI, Table §2, entry 15). Considering industrial
applicability, —we  started to investigate
heterogeneous pellet catalysts. Despite their utmost
importance in industry, such catalysts have rarely
been employed in the presented hydrogen storage
system.!® The utilization of these materials
facilitates efficient separation of the product
Furthermore, pellet catalysts exhibit enhanced
stability and generate reduced levels of solid
particles within the reaction setup. Unfortunately, it
turned out that commercially available pellet
systems leak in activity during operation (0-2 %
vield in BH, SI, Table S2, entries 20-24),

Scheme 2. Reaction conditions for the testing of different catalysts

Bicarboante
Hydrogenation (BH)

KHCO; ———» KHCO, + H,0
H,0. 60°C

H,

HCOy

HCO,

H,0

H, Formate
Dehydrogenation (FD)

Pd/C
1 bar
KHCO;, ———— = H, + KHCO;
K,COy
H,0.60°C

BH: 5.40 mmol KHCO3, 20 mg catalyst, 1.5 mL H;0, 30 bar Hj, 60 °C,18 h. Yield is determined by 'H NMR with DMSO as
internal standard; FD: 250.00 mmol KHCOz, 7.50 mmol K>CO3, 106 mg catalyst, 25.0 mL H;0, 60 °C, 3 h. Yield is based

on the evolution of H (Gas composition verified via GC).
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In this study, we sought to design innovative shell-
impregnated pellet catalysts for reversible
hydrogen storage and release within the
formate/bicarbonate energy system. Initially, we
defined the chemical reaction parameters in line
with the goals of the investigation. Considering the
multitude of parameters that must be adjusted for
the synthesis of pellet-based catalysts, our
investigation focused on carbon pellet supports and
palladium as the sole metal. To achieve optimal
activity, metal loading as well as stability, the
reduction, calcination and impregnation conditions
were systematically varied. Different pretreatments
of the commercially available supports and
additives were performed to generate a
homogeneous surface. The effectiveness of all
catalysts was assessed by their activity in both half-
cycle reactions, namely the hydrogenation of
bicarbonate (BH) and the dehydrogenation of
formate (FD), based on their mass activity. The
general reaction conditions are shown in Scheme 2.

3.1 Investigation of different carbon supports

As a starting point, we modified the approach
outlined in the publication by the Jiang group.®® In
the original paper, palladium is deposited from a
Na,PdCl, precursor and reduced on carbon powder
in the presence of citric acid. We adapted this
approach and performed the deposition of Pd on
several carbon supports in a few optimization steps.
To this end, water was added to various
commercially available pellets. Under stirring a
solution of the palladium precursor was added
dropwise to the support at room temperature and
stirred for 12 h. The pellets were filtered, washed,
dried and reduced with H, at 200 °C. The palladium
loadings and performances in (de)hydrogenation
reactions of different carbon pellet supports are
shown in Table2. Due to deviations in the
theoretical and measured metal loading, we chose
the mass activity based on the maximum available
amount of active material (measured metal content)
to evaluate the catalytic performance. The results
are shown in Plot A.

Table 2: Pd/C catalysts synthesized using different carbon pellet supports and their mass activity.

Entry Catalyst name Carbon Support Pdiheoretical [Wt.%] Pd,casurea [Wt%]

1 Pd-C1 AKROS C1 5.00 3.33
2 Pd-C2 COC 4x8 5.00 2.78
3 Pd-C3 AFA-4-1050-S 5.00 1.74
4 Pd-C4 COL 4x8 5.00 3.94
5 Pd-C5 EcoSorb CK1 5.00 3.18
6 Pd-Cé WOS 4x8 5.00 3.65
7 Pd-C7 EcoSorb CE55 5.00 2.70
8 Pd-C8 EcoSorb CE70 5.00 491
9 Pd-C9 EcoSorb CK4 5.00 2.79
10 Pd-C10 COLPA 60 5.00 3.19
11 Pd-C11 AFA-4-dot-S 5.00 0.38
12 Pd-C12 Dopetac Sulfo 100 5.00 011

A *E 1.5 015 *'E

E 5 Mass activity FD K E =)

B B Mass activity BH || o &

£ E =

e ERS

5 03 005 2 z

=) =

= E 0.0 I T T 0,00 = El

- Pd-C1 Pd-C2 Pd-C3 Pd-C4 Pd-C5 Pd-C6 Pd-C7 Pd-C8 Pd-C9 Pd-Cl0 Pd-Cl1l Pd-C12 i

Plot A: mass activities based on the measured metal loading. Catalyst synthesis: Na,PdCl, (400 pmol, corresponding to
5.00 wt.%, 20.0 mL H;0), carbon support (808 mg, 40.0 mL Hz0), rt, 12 h, filtered, washed and dried. The samples were
reduced with H; (2 h at 200 °C); Catalytic screening: BH: 5.40 mmol KHCO3, 20 mg Pd/C, 1.5 mL H,0, 30 bar H;, 60 °C,
18 h; FD: 250.00 mmol KHCO;, 7.50 mmol potassium carbonate, 106 mg catalyst, 25.0 mL H,0, 60 °C, 3 h.
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The objective of the catalyst synthesis was to
achieve a Pd loading of 5.00 wt%. However,
significant variations in the actual metal loading
observed among the different carbon
supports. No detected activity of the catalysts with

were

Pd loadings below 1.00 wt.% can be attributed to
the low metal content and the detection limit at our
measuring system. More importantly, no correlation
was observed between varying metal loadings
above 1.00 wt.% and the activity of the catalysts in
(de)hydrogenation. To understand this variation,
analytical studies were conducted on specific
supports and their
catalysts. First, the elementary composition of the
carbon supports was analyzed using elementary
analysis (EA) and X-ray fluorescence spectroscopy
(CHN analysis and XRF; see SI, Table $19-21), The
observed deviation between the targeted and
measured metal loading indicated a higher Pd
loading capacity for some of the carbon supports.
This finding suggests that different functional
groups on the carbon surface exhibit varying
adsorption affinities for the Pd species being formed
during the impregnation step. The carbon contentin
the samples exhibited significant variation, ranging

corresponding palladium

Surface Pd-C2

ross-section Pd-C2 s Pd i A8
F iy ;

the inside

from 92-72 %. Although catalyst poisons,
promotors, and catalytically active metals like iron,
copper and nickel were detected in certain samples,
no clear correlation was observed. Sulfur and
chlorine, both predominantly found in mediocre
and poorly performing supports (1-2 %), often act
as catalyst poisons by binding to active metal
sites,**37 In addition, promoters such as potassium
and calcium® were mainly present in high
quantities in poorly performing supports,
suggesting that excessive amounts of these
elements reverse their positive effect.

As there is no parallel between the measured
palladium loading and the activity, we
investigated the metal distribution further. The
uniformity and thickness of the Pd layer in the
Pd/C egg-shell catalysts were estimated using
scanning electron microscopy (SEM; SI,
Figure S18-526), Figure 1 shows backscattered
electron images of the surface (top) and cross-
section (bottom) of a well- (Pd-C2, Figure 1, left,
2.78wt% Pd) and a mediocre-performing
catalyst (Pd-C5, Figure 1, right, 3.18 wt.% Pd).
Highly active catalysts like Pd-C2 exhibit a

T'hick Pd-crust

- Little/no Pd
on parts of the

; on parts of the
outer surface :
outer surfacc

>no Pd in
the inside

Figure 1. Backscattered electron (BSE) images of well- (Pd-C2; left) and mediocre-performing catalysts (Pd-C5; right).
Top: surface, bottom: cross-section. Lighter regions on the outer surface correspond to Pd, while dark regions represent
carbon. Further enlargements can be seen in the SI (Figure S19 and 522).
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relatively uniform metal distribution on the
surface (Figure 1, left, top). The presence of black
spots on the surface of the catalyst was attributed
to crust chipping. Little to no palladium was
found on the inside of the pellet, indicating egg-
shell type catalysts (Figure 1, left, bottom). The
cross-section of the materials revealed an even
thickness of the palladium crust on the outer
surface of the support. Conversely, mediocre-
working catalysts like Pd-C5 show a different
distribution of the metal. Although Pd-C5 has a
higher metal loading than Pd-C2, the surface
(Figure 1, right, top) is unevenly impregnated
with palladium and large parts of the pellet
remain uncoated. This disparity is more
pronounced upon examination of the cross-
section (Figure 1, right, bottom), which reveals a

variable thickness of the metal layer from
little/no palladium to thicker parts. These
findings indicate that not only the overall metal
loading, but also the distribution of palladium on
the surface plays a crucial role in the activity of
the catalysts.

Next, we analyzed the chemical state of the freshly
prepared catalysts via X-ray photoelectron
spectroscopy (XPS). The obtained results indicate
the presence of the Pd(0) species at 335.2 eV as well
as Pd(Il) around 336.9 eV.* Among the different
supports, the ratio of Pd(0) to Pd(Il) varies.
Nitrogen sorption using the Brunauer-Emmett-
Teller (BET) method was used to investigate the
external surface area of the catalysts (SI,
Tables $25). All analyzed catalysts exhibit large

Table 3. Optimization steps in the synthesis of shell-impregnated Pd/C catalysts based on AKROS C1 and

their mass activity in the (de)hydrogenation.

Entry | Catalyst name Timp Pretreatment Tere Tred Timegeq Pl easirea
[°c] athmospehre [°cl [°c] [h] [wt.%]
1 Pd-C1 Tt - 200 2 3.23+0.1
2 Pd-C1-Ar Tt argon 200 200 2 2.73
3 Pd-C1-0, Tt oxygen 200 200 2 2.86
4 Pd-C1-100 rt 100 2 3.80
5 Pd-C1-400 rt - 400 2 4.23
6 Pd-C1-1 rt - 200 1 3.97
7 Pd-C1-4 rt - 200 4 4.01
8 Pd-C1-60 60 - 200 2 3.52
B~ Heat Pretreatment 016 C Reduction Temperature 0.16 E
25 z€
= % 012 0.12 >
% E 0.08 Lo = &
T ®o
= T
g ?é 004 I 0‘045 3
= o ! L 0.00 —! L —. 0.00 g
nothing Ar 02 100 °C 200°C 400°C E
D = Reduction Time r0.16 E Impregnation TanpeatureFD 0.16 i
o T &
o EmBH | oS
= % 0.12 oz 55
> > A
5 = 0.08 0.08 =
B3 g8
= T
B3 004 toos B
s é =3
—_ — — 0.00 a—— L0.00 =
1h 2h 4 h 20°C 60°C =R

The mass activity for BH and FD are presented in plot B-E. Plot B: entries 1-3; Plot C: entries 1, 3, 4; Plot D: entries 1,
6,7; Plot D: entries 1 and 8. Catalyst synthesis: Na,PdCls (400 pmol, 10.0 mL H;0) was added dropwise to the carbon
pellet AKROS C1 (808 mg, 50.0 mL H,0) at rt or 60 °C. For reactions at rt, the solvent was removed by filtration, for
reactions at 60 °C the solvent was evaporated. The catalyst was washed, dried and reduced with H; at the mentioned
temperature. Catalytic screening: BH: 5.40 mmol KHCO;, 20 mg Pd/C, 1.5mL H,0, 30 bar H,, 60°C, 18 h. FD:
250.00 mmol KHCO3, 7.50 mmol K;CO3, 106 mg catalyst, 25.0 mL H,0, 60 °C, 3 h.
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external surface areas. Overall, no direct correlation
between catalyst properties and catalytic
performance was observed.

3.2 Further optimization of the catalyst
synthesis based on AKROS C1 carbon support

The carbon support AKROS C1 was chosen for
further catalyst optimizations due to its high affinity
to palladium and its effective catalytic activity in the
(de)hydrogenation reactions. A selection of these
optimizations is shown in Table 3, while the mass
activity based on the actual metal loading can be
observed in Plot B-E.

First, we verified the reproducibility of the catalyst
Pd-C1 synthesis multiple times. The results are
presented in Table 3, entry 1. Initially, different Pd
precursors were tested in the impregnation process.
The palladium salt Na,PdCl, yielded the highest
loading (SI, Table 53, entries 5-7) for the selected
carbon support and it was used for all further
optimizations. Heat treatment procedures play an
important role in controlling the catalysts
morphology, activity and stability. It is known from
literature that the combination of a calcination step
prior to the reduction can be beneficial.** As shown
in Plot B, the heat pretreatment of the impregnated
carbon support under argon Pd-C1-Ar or oxygen Pd-
C1-0; (Table 3, entries 2 and 3) did not significantly
affect the overall activity in (de)hydrogenation. The
mass activity for BH is lower and the one for FD is
higher compared to the initial catalysts.
Nevertheless, ICP analysis of the catalysts before
and after the hydrogenation reaction (Sl, Table 56)
shows that calcination enhances the stability of the
metal on the surface of the catalysts.

The reduction parameters were investigated
regarding time and temperature. These adjustments
can affect the degree of reduction and the Pd
dispersion.*! Variation of the reduction temperature
(Table 3, entries 4 and 5; Plot C) clearly showed an
optimum for 200 °C (Pd-C1, Table 2, entry 1). The
catalyst reduced at a higher temperature - Pd-C1-
400 shows a drastic decrease of activity. Kohler et,
al observed a decrease in dispersion of the metal
with an increase of the reduction temperature.™
The reduction time (Table 2, entries 6-7) did not
demonstrate a distinct optimum as evident from
Plot D. Shorter reduction (Pd-C1-1, Table 2, entry 6)
led to a decline in activity regarding BH, while
similar outcomes were observed for FD. A longer
reduction (Table 3, entry 7) exhibited a modest
enhancement for BH and FD.

Wet impregnation at elevated temperatures was
tested to streamline the synthesis method and
mitigate Pd loss (Table 3, entry 8; Plot E). Although
the mass activity based on the metal amount
remained constant for Pd-C1-60, this impregnation
method enhanced the overall yield and metal
loading.

Using wet impregnation at elevated temperatures,
the addition of chelating agents to the precursor
during the impregnation was investigated (see
Table 4, entries 1-6). Inspired by the positive effect
of adding citric acid to the support as published by
Jiangs group,*® we tested the addition of several
multidentate ligands. The addition of a chelating
agent should increase the viscosity of the
impregnation  solution, thereby preventing
crystallization of the precursor and enabling a more
homogeneous spread of palladium over the carbon
surface.* The equivalents of additives were chosen
based on their denticity to ensure optimal
complexation of the palladium precursor. The mass
activity of the resulting catalyst materials in
(de)hydrogenation reaction can be seen in PlotF
(Table 4). Indeed, one of the additives, oxalic acid
(Table 4, entry 6), helped increase the metal loading
of the catalysts and allowed a complete coating of
the pellet's surface, which was demonstrated by
scanning electron microscopy (SEM; SI, Figure $40).
In our screening for carbon supports we recognized
that uniform distribution over the entire surface is a
key component for a well-functioning and
economically feasible catalyst Consequently, we
worked with a metal loading of 5.00 wt.%, even
though this is not economically optimal, because a
lower metal content would have resulted in a more
irregular coverage of the pellet's surface. The
addition of oxalic acid in the impregnation step
makes even egg-shell coating possible.

Utilizing this knowledge, we varied the theoretical
palladium loading from 5.00 to 1.00 wt% while
maintaining high metal dispersion (see Table 4,
entries 6-10;  PlotG).  Therefore, the wet
impregnation process was done at -elevated
temperatures and 2.0 eq oxalic acid were used. It
was observed that analogous tests lacking the
presence of an additive resulted in pellets that
exhibited significantly uneven coating. The
incorporation of oxalic acid yielded several
advantageous outcomes. The shell thickness was
found to be reduced by a factor of 10 (SI, Table 523).
Additionally, the loss of palladium in the catalyst
synthesis was found to be reduced, which in turn
decreases the price of the catalyst (see theoretical
and measured Pd loading in Table 4). Moreover, the
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Table 4. Influence of different additives in the impregnation step of the catalyst synthesis on the metal
loading and catalytic activity in the (de)hydrogenation reactions.

Entry Catalystname | Additive Amount [eq] Pducoretical [Wt%] Pdyeasured [WE9%0]
1 Pd-C1-CA Citric acid 2.0 5.00 2.56
2 Pd-C1-EDTA EDTA 11 5.00 0.10
3 Pd-C1-EN Ethylenediamine 2.0 5.00 1.71
4 Pd-C1-TA Tartaric acid 1.1 5.00 3.02
5 Pd-C1-MA Malic acid 1.1 5.00 2,93
6 3.90Pd-C1-0A | Oxalic acid 2.0 5.00 3.90
7 3.19Pd-C1-0A | Oxalic acid 2.0 4.00 3.19
8 2.62Pd-C1-0A | Oxalic acid 2.0 3.00 2.62
9 1.60Pd-C1-0A | Oxalic acid 2.0 2.00 1.60
10 0.82Pd-C1-0A | Oxalic acid 2.0 1.00 0.82
F = Chelating Additive f
Bx 06 - 7
e BT
Z E; 04 25
PR &g
251 S S
£3 02 o
=g 'E%“
Eo p— : . — = 00 =%
Citric Acid EDTA Ethyenediamine  Tatraic Acid Malic Acid Onxalic Acid E
G =, Metal Loading Mass activity FD .- E
g é‘ i M Mass activity BH g % E
2 & Pd [wt.%] 2 i3
ZEs 04 2 £
) E=Ra
g €2 02 2€
_— - W)
g g1 _E%E
£, - - 0.0 ~
Swit% 4wit.% Iwi% 2 wi% 1wt.% -_E

Theoretical Pd loading
The mass activity for BH and FD are presented in Plot F and G. Plot F: entries 1-6; Plot F: entries 6-10; Catalyst synthesis:
An aqueous mixture of NapPdCl, and the additive (10.0 mL H,0) was added dropwise to the carbon pellet AKROS C1
(808 mg, 50.0 mL H,0) at 60 °C. The solution was stirred until it cleared up. The solvent was evaporated. The catalyst
was washed, dried and reduced with H; (2 h, 200 °C). Catalytic screening: BH: 5.40 mmol KHCOs, 20 mg Pd/C, 1.5 mL
H.0, 30 bar Hy, 60 °C, 18 h; FD: 250.00 mmol KHCO,, 7.50 mmol K,COs, 106 mg catalyst, 25.0 mL H,0, 60 °C, 3 h.

surface is more homogeneously coated, even with
low metal loadings, as evidenced by SEM (SI, Figure
§27-5831). The increase of the mass activity from
5.00 wt.% to 4.00 wt.% indicates that a substantial
amount of metal is distributed ineffectively,
hindering its participation in the reaction
process. It is noteworthy that these outcomes were
only attainable through the incorporation of the
additive. The metal loading data demonstrate that
2.0 eq of additive are optimal for the synthesis (SI,
Table §13).

Combining all identified optimization steps, we
synthesized a catalyst on a larger scale. The main
objective was to attain an optimal activity-to-price.

ratio for the catalyst. Concerning industrial
applications, it is imperative to maximize the
activity per unit volume, given the inherent
limitations of reactors in terms of size.?> Therefore,
AKROS C1 carbon pellets were impregnated with a
solution of 2.00 wt.% Na,PdCl, and 2.0 eq of oxalic
acid at 60 °C. The solvent was then evaporated, and
the resultant dry pellets were calcinated at 200 °C
for 2 h. Finally, the sample was reduced with 5 % H,
for 2 hat 200 °C. The obtained catalyst Pd-C1-0A-0,
showed a palladium loading of 1.81 wt.%.

3.3 Characterization of the catalysts based on
AKROS C1
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Figure 2. Selected BSE-SEM (whole particle) and HAADF-STEM (powder; active material scraped off from the pellet

surface) images of the initial (left column, Pd-C1, 3.33 wt% Pd), an optimized (center column, 1.60Pd-C1-04,
1.60 wt.%) and the final catalyst (right column, Pd-C1-0A-0;, 1.81 wt.%).

Utilizing a combination of scanning electron
microscopy (SEM), scanning transmission electron
microscopy (STEM), and X-ray photoelectron
spectroscopy (XPS) (see SI, 4.4, 4.6 and 4.7),
comprehensive analyses of the macroscopic and
microscopic structure of the catalysts were
conducted along the way of the optimization. The
initial catalyst Pd-C1, an optimized one, 1.60Pd-C1-
OA and the final catalyst Pd-C1-0A-0, are depicted
in Figure 2.

Pd-C1 was synthesized utilizing wet impregnation
at room temperature and targeting 5.00 wt.% Pd
(Table 1, entry 1). The catalyst 1.60Pd-C1-0A was
impregnated at 60 °C with a mixture of Na;PdCl; and
oxalic acid (Pdipeoreticas 2.00 wt.%, 2.0 eq oxalic acid)
and reduced with 5 % H; for 2 h at 200 °C. The final
catalyst Pd-C1-0A-O, was prepared analog to
1.60Pd-C1-0A, but an additional calcination step

was added prior to reduction. SEM and XPS were
performed on the entire pellet, while STEM analysis
required the removal of the metal crust and its
subsequent analysis as a powder.

The initial catalyst Pd-C1 (Figure 2, left) already
showed a homogeneous shell coating of the carbon
support. Nevertheless, black patches are visible,
possibly due to cracking of the thick metal crust

(loading 3.33 wt.% Pd). The cross-section does not
show any metal on the inside of the pellet,
suggesting an egg-shell catalyst (see SI, Figure 518).
In addition to the larger Pd particle fraction
investigated by SEM, STEM provided evidence of the
wide range of Pd morphology sizes present in the
catalyst scaling down to single atoms, clusters and
small particles not forming crystallites. According to
XPS (Figure 3, left, top), the amount of Pd(0) is about
ten times the amount of Pd(II). A depth profiling
experiment of Pd-Cl using a sputter source was
performed to understand the distribution of Pd
better. As expected in Figure 3 (left, bottom), there
was an initial increase of the overall palladium
amount and a decrease of carbon, indicating the
removal of a thin adventitious carbon layer in the
first step. After a sputter period of 840 s, the amount
of Pd started to decrease, thereby confirming the
thickness of the outer crust. Over the time of the
experiment, the ratio of Pd(0)/Pd(ll) decreased,
indicating a higher concentration of Pd(0) on the
outer surface, while Pd(II) was more abundant
within the crust. It is plausible that the palladium on
the carbon surface is bound e.g. via oxygen bridges,
resulting in an oxidation state of two, whilst the
palladium on the outer crust is connected mainly via
metal-metal bonds, explaining the presence of
palladium (0).
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1
2
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26 Figure 3. XPS (whole particle) analysis (top) as well as depth profiling experiments using a sputter source (bottom)
27 of the initial (left column, Pd-C1, 3.33 wt.% Pd), an optimized (center column, 1.60Pd-C1-0A, 1.60 wt.%) and the final
28 catalyst (right column, Pd-C1-0A-0,, 1.81 wt.%).
29
30 Thanks to the addition of 2.0 eq of oxalic acid in the minimal, suggesting that the calcination process
31 impregnation step, we were able to reduce the enhances the stability of the palladium crust
32 palladium loading while achieving an even better According to STEM, the particle size ranges from
33 metal distribution on the surface (Figure 2, 1.60Pd- large particles (ca. 200 nm) down to clusters and
34 C1-0A, center). Energy Dispersive X-ray even single palladium atoms. The absence of
35 Spectroscopy (EDS) analysis confirms the presence sintering is attributed to the mild heat treatment,
gg of palladium. The SEM images of the whole pellet Decreasing the ratio of Pd(0)/Pd(Il) further, the
38 show particles in the range of 40-550 nm. STEM of microscopic structure of the material remained
39 the outer pellet surface showed again Pd having unaffected. The depth profiling (Figure 3, right)
40 sizes in the range of single atoms to tens of nm. shows a similar behavior of the metal. These results
41 Interestingly, XPS (Figure 3, center) shows a lower underscore the significance of ensuring a
42 Pd(0)/Pd(1l) ratio compared to the initial catalyst homogeneous distribution of the active metal on the
43 Pd-C1. The data indicates that the ratio of surface. This objective was achieved by the addition
44 Pd(0)/Pd(1l) is important and a specific amount of of an additive in the impregnation step.
45 Pd(II) can be beneficial for the catalytic activity as Interestingly, an increase of PA(11) can be seen over
46 published by the Bulusheva group for the the different generations of catalysts which could
47 dehydrogenation of formic acid. Their study on correspond to a rise in activity, Masuda et al.
48 formic acid dehydrogenation identified Pd(II) indicated in their publication that an interplay
49 species as the active site.** The depth profiling between an electron-deficient and an electron-rich
50 shows an initial increase of the ratio Pd(0)/Pd(I) species is necessary for a catalytic reaction. In their
51 indicating less metallic palladium on the surface, case, they identified TiO, or Ag as electron-deficient
:; Nevertheless, after 2400 s sputter time the ratio species and Pd(0) as electron-rich species.?* In the
54 decreased again due to a higher amount of Pd(1I) on present study, these partners could be Pd(1l) and
55 the carbon. While the macroscopic structure is Pd(0).
56 clearly affected by the cheating additive oxalic acid,
57 the microscopic environment appears similar to the 3.4 Up Scaling for Industrial Application
58 original catalyst. . L . L
59 With an optimized catalyst for practical applications
60 The SEM (back scattered electron detector) of the in hand, we were interested in demonstrating its

final catalyst Pd-C1-0A-0, shows a fine distribution
of the active material. The presence of black spots is

activity and stability for the energy storage system
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Scheme 3. Performance of the final catalyst in both half-cycles

o Hydrogenation HCOy Dehydrogenation
H,0 —
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Reaction conditions: BH: 250.00 mmol KHCO3, 106 mg Pd/C Pd-C1-0A-0,, 25.0 mL degassed water, 60 °C, 18 h. Yield
was determined with 'H NMR using DMSO as internal standard. FD: 250.00 mmol KHCO,, 7.50 mmol K,CO;3, 106 mg
Pd/C Pd-C1-0A-0;, 25.0 mL degassed water, 60 °C, 18 h. Gas volume was measured with an automatic burette and Gas

composition verified via GC.

formate/bicarbonate (see Scheme3). More
specifically, utilizing the optimal catalyst system Pd-
C1-0A-0;, 250.00 mmol of the corresponding
(loaded) hydrogen carrier and 25.0 mL of water we
performed both BH and FD at 60 °C for 18 h. BH was
monitored by the pressure drop and yielded 23 %
formate which corresponds to a TON of 2550. FD
was performed in an automatic burette and gave
rise to 1.14 L of gas (92% H, 8% CO, no CO
detected) corresponding to a TOF of 3261 h''. CO;
derived from the partial decomposition of
bicarbonate to carbonate and is expected at high
formate  concentrations.”® These half-cycles
demonstrate the efficacy of the catalysts in
facilitating both the loading and unloading of the
carrier molecule, contingent on the availability of
excess electricity from renewable energies (and
green hydrogen). The activities exhibited by our
pellet system are analogous to those previously
reported for heterogeneous powder catalysts,
including Pd/AC (BH: TON=1672, 55bar, 2h,
20°C; FD: 5061 h-1, 80 °C)** and Pd/NMC-8 (BH:
TON=1598; 60bar, 2h, 80°C; FD: 2416h-1,
80 °C).** The conversion of both hydrogenation and
dehydrogenation processes can be easily increased
by elongation of the reaction time, as we have
shown in our recent paper.,?®

The long-term stability of the catalyst is a critical
factor in determining its industrial applicability. To
this end, we have demonstrated the recyclability of
the catalyst on a lab scale (see Figure 4). To facilitate
the separation of the catalysts from the used
reaction solution, we slightly adjusted the reaction
conditions. Although the pellet shape is ideal for
large-scale applications, on a batch scale the stirring
bar continuously grinds the catalyst. To ensure

over the whole
experiment we grinded the catalyst for the following
batch reactions. Figure 4 shows the results for the
recycling of the catalysts in the dehydrogenation.
Applying 200 mg of ground Pd-C1-0A-0, the
dehydrogenation was performed for 73 h. Then, the
catalyst was filtered, washed, dried and reused for a
second dehydrogenation step. A total of 2.93 L gas
was released (first run: 1.36 L, 90 % H,, 10 % CO,,
11 ppm CO; second run: 1.57 L, 93 % Ha, 7% CO,,
18 ppm CO). Interestingly, the catalyst showed a
higher activity in the second run demonstrating the
positive effect of process conditions for the catalyst
activity. A small amount of formed CO can be
explained by the decomposition of formate via
dehydration.?? This pathway should be avoided in
an industrial plant because CO is toxic to fuel cells.*

constant reaction conditions

16 Run Nr. 1
Run Nr. 2
E 12 <
[14]
E
308
o
>
8
S 04
00 T T T T T 1
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Time[h]

Figure 4. Recycling of the catalysts for FD. Reaction
conditions: 200.00 mmol KHCO,, 15.00 mmol K;CO;,
50.0 mL H;0, 60°C, 73 h. The catalyst was filtered,
washed, dried and reused for a second
dehydrogenation step. Gas volume was measured with
an automatic burette and gas composition verified via
GC.

ACS Paragon Plus Environment

&9

Page 120f 17



Page 13 0f 17

00NV W=

ACS Sustainable Chemistry & Engineering

= RunNr. 1 Run Nr. 2 Run Nr. 3
03 L L L
- Gasflow '- '
Accumulated Gas =~ == i
. « 3 x
o024 sl " =
E kw T - 4 g
=7 - . - £
- = - s " =
g G, - R = 8 s
= - Y e a e @
® 014 N . y "
& 0.1 I -l'i-‘ A~ " h\"._ U]
- e L '-
.q- J'"\-— = _‘\'
’ Y
0.0 T |. T T T - 1
0 10 30
Time[h]

Figure 5. Gas evolution rate (left) and overall gas evolution (right) for the dehydrogenation reaction. All runs were
performed for 10 h. Afterward, the catalyst was washed and dried on air. Reaction conditions: 10 g Pd/C, 4 M KHCO; in
H0, 0.03 L/min volume flow, 60 °C, 10 h. Gas composition was verified via GC every two hours. No CO was detected

(GC quantification limit <10 ppm).

Recycling was also demonstrated for BH. Here,
200.00 mmol bicarbonate was hydrogenated with
60 bars of H; for 18 h, applying 200 mg of ground
Pd-C1-0A-0,. The first run resulted in a TON of
1570. Afterward, the catalyst was filtered, washed,
calcinated (2 h, 200°C) and reduced again (2 h,
200 °C). The second BH step achieved a similar TON
of 1650. Without reactivation after the
hydrogenation, only little activity was observed,
This indicates the adsorption of (side) products like
CO on the catalyst surface.

Finally, the catalyst was tested on a larger scale in a
fixed bed reactor (see Figure5). Here, the
dehydrogenation process was performed in the
presence of 10 g of catalyst. Over 10 h, a total of 71 L
gas was released (Run Nr. 1: 83 % H,, 17 % CO;) and
no CO was detected. After the reaction, the catalyst

was washed and dried under air. No palladium was
found in the reaction solution after filtration (SI,
Table $18) demonstrating that there is no leaching,
Then, a second and third consecutive FD step was
performed with the used catalyst. Again, the activity
of the catalyst was higher in the second run (Run Nr.
2: 82 Lgas, 81 % H,, 19 % COy, no CO was detected).
In the third run a slight deactivation was noticeable
(Run Nr. 3: 53L 84 % H; 16 % CO; no CO was
detected). Despite some breaking of the particles, no
metal leaching was detected.

We presume a reversible blockage by the
(intermediate) products like KHCO; as the cause for

the decreasing activity, which is in line with
previous reports,*** Indeed, ICP-OES showed an
increase of potassium salts on the used catalyst
(fresh catalyst: no K detectable, catalyst after 1 run:
1.81 wt% K; SI, Table §19). Overall, a total of 180 L
H; gas was released applying 10 g of Pd-C1-0A-0,
which corresponds to a power-specific price (PSP)
of 341 €/kWy,s (see SI Eq.12). The PSP is a
purposed indicator for economic analysis. Herein
the cost of palladium is associated with the
hydrogen release performance of the catalyst.

4. Conclusion

In this work, the focus was placed on common issues
associated with heterogeneous catalyst
development for industrial applications in the
domain of reversible hydrogen storage systems.
The presented optimal heterogeneous catalyst is
recyclable, applicable in both half cycles of the
hydrogen storage system formate /bicarbonate, and
easily separable from the products. The usage of
water as the sole solvent and formate as the
hydrogen carrier ensures a safe process. In our
study, we identified a novel palladium-based
catalyst system on activated carbon pellets as
support. The effect of different pretreatments,
impregnations and reduction parameters on the
activity of palladium on carbon pellet catalysts was
investigated in detail. Following a series of
straightforward optimization steps, a cost-effective
shell-impregnated pellet catalyst was developed. It
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was demonstrated that the synthesis protocol is 4175 €/kW,p2 4, the final catalyst Pd-C1-0A-0, costs
simple, reproducible and scalable. The catalyst around 341 €/kWy; .. The cost estimate is notable
demonstrated stability under the selected reaction for its reasonable cost-benefit ratio, which is further
conditions, releasing 180 L of hydrogen from the enhanced by the increased activity per used
carrier molecule formate in a medium-scale reactor. palladium. Based on this catalyst system, we are
The estimated PSP for the catalysts presented was currently working on the design of a 100 kW
reduced by a factor of ten. While the first-generation hydrogen battery device.

catalyst Pd-C1 had a PSP of approximately
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(q“-Trimethernemethane)(1 ,1,1-tris{[bis(4-
methoxyphenyl)phosphanyllmethyl}ethane)-
ruthenium(ll) diethyl ether hemisolvate
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The title compound, [Ru(CyyHs;04P:)(C4He)]-0.5C4H, 40, consists of an Ru'"'
atom coordinated by 1,1,1-tris{[bis(4-methoxyphenyl)phosphanylmethyl}
ethane in k*-coordination mode and an n"-coordinating trimethylenemethane
ligand. The complex molecule is co-crystallized with a diethyl ether solvent
molecule. A half diethyl ether molecule was considered, whereas additional
disordered solvent molecules were removed from the diffraction data with the
SQUEEZE procedure in PLATON [Spek (2015). Acta Cryst. C71, 9-18].

3D view Chemical scheme

Structure description

Ruthenium complexes of the general formula [Ru“(Ar—lriphos)(TMM)] (Ar-triphos =
1.1,1-tris(di(aryl)phosphino-methyl)ethane with aryl = e.g. phenyl, 4-methylphenyl, 3.5-
dimethylphenyl: TMM = n4-lrimelhylcncmc1hane) have been successfully applied as
catalyst precursors in the hydrogenation of challenging substrates such as carboxylic
esters, amides, carboxylic acids, carbonates and urea derivatives (vom Stein et al., 2014) as
well as in the hydrogenation of CO, (Wesselbaum er al., 2012, 2015). The performance of
the title compound, [Ru''(p-anisyl-triphos)(TMM)], either as pre-formed complex or
formed in situ, in these transformations is not reported (Maeda et al., 2010; the synthesis
of the ligand p-anisyl-triphos is reported in the patent describing the ruthenium homo-
geneously catalysed hydrogenation of lactones and carboxylic acid esters in the liquid
phase). On the other hand, as part of our interest in the design of efficient homogeneous
catalytic processes based on non-noble metals, some of us have explored the application
of cobalt complexes of Ar-triphos ligands, including p-anisyl-triphos, in the hydrogena-
tion of CO; (Scharnagl er al., 2019) and carbonates (Ferretti et al., 2019) to methanol as
well as in the reductive alkylation of anilines with carboxylic acids (Liu et al., 2018) and
the deoxygenative hydrogenation of amides to amines (Papa et al, 2020). Xu, Wang, Shi
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and coworkers have used Co/Ar-triphos complexes as cata-
lysts for the transformation of levulinic acid and amines into
pyrrolidines and pyrrolidinones using hydrogen (Pan et al.,
2022). In the latter three synthetic applications (Liu ef al.,
2018; Papa et al., 2020; Pan et al., 2022), among those tested,
the use of the p-anisyl-triphos ligand afforded the best results.

We therefore deemed it of interest to synthesize the title
ruthenium complex to test it as a catalyst precursor. Structural
analysis of the isolated complex provided further insights into
its coordination chemistry. In the crystal, the three phosphorus
atoms of the neutral C,y;Hs,OgP; ligand coordinate to ruthe-
nium generating a facially capped ©* complex. The metal
coordination sphere is completed by an n*-trimethylene-
methane C,Hg> dianion acting as a 6 ¢~ donor (Fig. 1). The
title complex exhibits clear asymmetry in both the different
Ru—P bond lengths and the corresponding P—Ru—P angles.
Whilst the Ru—P1 [2.2787 (6) A] and Ru—P3 [2.2780 (6) A]
bond lengths are nearly identical, the Ru—P2 bond
[2.2988 (5) A] is significantly elongated. Some asymmetry was
also observed in related Ru“(Ar—triphos)(TMM) complexes:
for Ar = Ph [2.2861 (15), 2.2842 (15), 2.2679 (15) A (vom Stein
et al., 2013); 2.2893 (5), 2.2720 (5), 2.2885 (5) A (Savourey et
al., 2014)]; Ar = 3,5-dimethylphenyl [2.2812 (8), 2.2907 (7),
2.2749 (8) A (Meuresch er al., 2016)]. Notably, another
complex known in the literature with Ar = 4-methylphenyl has
a highly symmetric structure: this complex crystallizes in the
trigonal space group R3 with only one third of the molecule in
the asymmetric unit with Ru—P1 = 2.2757 (6) A (Meuresch er
al., 2016). The uneven coordination of the 4-methoxy-triphos
ligand in the title complex is also evident in the bond angles

ci8

Figure 1

The molecular structure of the title compound without the solvent.
Displacement ellipsoids correspond to 50% probability. Hydrogen atoms
except those attached to C2, C3 and C4 are omitted for clarity.

about the metal atom: PI—Ru—P2 = 87.511(19);
P2—Ru—P3 = 87.931 (17); P3—Ru—P1 89.759 (17)°.

The TMM ligand adopts a pyramidal shape with a shorter
bond length of the central carbon atom to ruthenium [Ru—C1
= 2.0674 (18) A] than the terminal carbon atoms [Ru—C2 =
2245 (2), Ru—C3 = 2.2249 (18), Ru—C4 = 2.263 (2) A]. The
three C—C bonds in the TMM unit are indistinguishable:
1.431(3), 1.433 (3) and 1.435(3) A. which confirms the delo-
calization of the electrons within this ligand. This is also
observed in the related [RuH(Arftriphus}(TMM)] complexes
mentioned above. In solution, at room temperature, the
complex exhibits a higher degree of symmetry: in the *'P|'H}
NMR spectrum, a singlet at § = 31.4 ppm is observed, indi-
cating the spectroscopic equivalence of the three phosphorus
atoms, low field shifted compared to the free ligand, which
resonates at § = —30.4 ppm. For the TMM anion, a singlet is
present in the "H{*'P} NMR spectrum at § = 1.55 ppm for the
six equivalent methylene protons, while the corresponding
three methylene carbon atoms all resonate at 42.5 ppm in the
YC('H,'P) NMR spectrum. The connecting quaternary
carbon atom resonates at 107.0 ppm.

The title Ru complex is co-crystallized with diethyl ether
solvent molecules. A half diethyl ether molecule per complex
molecule was considered, whereas the contribution of addi-
tional disordered solvent molecules to the intensity data was
removed from the diffraction data with the SQUEEZE
procedure in PLATON (Spek, 2015).

Synthesis and crystallization

The synthesis and isolation of the title complex were
performed under an inert atmosphere (argon) with exclusion
of air. Toluene, n-pentane, diethyl ether and dichloromethane
were supplied by a solvent purification system and stored over
3 A molecular sieves. Acetone, 99.8%, Extra Dry, AcroSeal®™,
was  purchased Scientific Chemicals.
[Bis(2-methylallyl)(1,5-cyclooctadiene )ruthenium(I1)]  was
purchased from Strem and used as received. 1,1,1-Tris{[bis(4-
methoxyphenyl)phosphanyljmethyljethane, p-anisyl-triphos,
was prepared following a published procedure (Wesselbaum et
al., 2015).

'H NMR spectra were obtained at 300 MHz (Bruker AV-
300), *C|{'H) NMR spectra were obtained at 75 MHz and *'P
['H} NMR spectra were obtained at 121 MHz. NMR chemical
shifts are reported in ppm downfield from TMS and were
referenced to the residual proton resonance and the natural
abundance *C resonance of the solvents. *'P NMR chemical
shifts are reported in ppm downfield from H3PO, and refer-
enced to an external 85% solution of H;PO,.

To a clear colorless solution of p-anisyl-triphos (316 mg,
0.39 mmol, 1.1 eq.) in toluene (15 ml), [bis(2-methylallyl)(1,5-
cyclooctadiene)ruthenium(II)] (226 mg, 0.36 mmol, 1.0 eq.)
was added in one portion. The resulting clear green solution
was refluxed for 18 h (overnight). Upon heating the solution
became dark. At the end of the specified reaction time, the
solution was clear and dark red. It was concentrated in vacuo
to about 5 ml and n-pentane was added to induce precipita-

from  Thermo
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Figure 2

Chemical formula of the title compound with numbering for assignment
for the NMR spectra.

tion. The dark brownish solid was collected and further
washed with acetone thus leaving a gray-greenish solid
(140 mg, 40% yield). Crystals suitable for X-ray diffraction
were obtained by diffusion of diethyl ether into a solution of
the title compound in dichloromethane.

"H{*'P}-NMR (300 MHz, [CD,CL,]): 8 (ppm) = 6.9 (d, Jyy
=9 Hz, H5, 12H), 6.49 (d, Juy = 9 Hz, H6, 12H), 3.70 (s, H8,
18H)., 2.14 (s, H3, 6H), 1.55 (s, H9, 6H), 1.34 (s, H1, 3H)
(Fig. 2). *'P {'H}J-NMR (121 MHz, [CD,CL;}): § (ppm) = 31.4
(s). PC {'H}-NMR (121 MHz, [CD,CL]): § (ppm) = 159.5
(C7), 134.2 (C4),133.9 (C5), 113.0 (C6), 106.8 (C10), 55.4 (C8),
42.5 (C9), 39.2 (C1), 38.5 (C2), 36.1 (C3) (see Fig. 2 for atom
numbering).

Refinement

Crystal data, data collection and structure refinement details
are summarized in Table 1. Atoms H2A, H2B, H3A, H3B,
H4A and H4B could be found from the difference-Fourier
map and were refined freely. SADI and DFIX commands in
SHELXL were used to optimize the shape of the half occu-
pied diethyl ether molecule. Additionally, SIMU and EADP
instructions were included to equalize the displacement
parameters of the carbon atoms of the solvent (C53, C54 and
(52, €55, respectively). For the final refinement, the contri-
butions of further disordered solvent molecules were removed
from the diffraction data with the SQUEEZE procedure in
PLATON (Spek, 2015). SQUEEZE estimated the electron
counts in the void volume of 328 A® to be 83.
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full crystallographic data

IUCrData (2025). 10, x250524  [https://doi.org/10.1107/82414314625005243]

(17*-Trimethylenemethane)(1,1,1-tris{[bis(4-methoxyphenyl)phosphanylimethyl}-

ethane)ruthenium(ll) diethyl ether hemisolvate

Carolin A. M. Stein, Elisabetta Alberico, Anke Spannenberg, Matthias Beller and Henrik Junge

(11*-2-Methylidenepropane-1,3-diyl) (1,1, 1-tris{[bis(4-methoxyphenyl)phosphanyllmethyl}ethane) ruthenium(ll)

diethyl ether hemisolvate

Crystal data

[Ru(C.7Hs;O4P3)(CHg)]-0.5C,H 00
M, =997.00

Triclinic, P1

a=9.1504 (13) A

h=11.6521 (16) A

¢=24.868 (4) A

a=95453 (3)°

/1 =98.296 (3)°

7=90.372 (3)°

V=2611.3 (6) A’

Data collection

Bruker APEXII CCD
diffractometer
Radiation source: fine-focus sealed tube
Detector resolution: 8.3333 pixels mm'!
@ and  scans
Absorption correction: multi-scan
(SADABS; Krause et al., 2015)
Touin = 0.86, T = 0.97

Refinement

Refinement on F?
Least-squares matrix: full

R[F? > 2a(F%)] = 0.034

WR(F?) = 0.084

5§=1.10

13249 reflections

620 parameters

3 restraints

Primary atom site location: dual

Z=2

F(000) = 1042

D, =1.268 Mgm"*

Mo Ku radiation, 2 = 0.71073 A

Cell parameters from 9069 reflections
8=23-29.1°

= 0.44 mm™

T=130K

Needle, pale yellow

0.36 x 0.21 x 0.08 mm

111738 measured reflections
13249 independent reflections
12183 reflections with [ > 2a([)
R =0.033

B =28:5% O = 1.7°
h=-12—12

k=-15—15

1=-33—33

Hydrogen site location: mixed

H atoms treated by a mixture of independent
and constrained refinement

w= 1/[*(F,’) + (0.031P) + 2.8623P]
where P = (F,2 + 2F2)/3

(A/)max = 0.002

Aprac=1.33¢ A7

Apmin=—0.71e A3
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Special details

Geometry. All esds (except the esd in the dihedral angle between two L.s. planes) are estimated using the full covariance
matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles;
correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate
(isotropic) treatment of cell esds is used for estimating esds involving L.s. planes,

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (4°)

X Y z Usso*/ Uy Oce. (<1)
c52 0.2204 (13) 0.0943 (7) 0.0211 (6) 0.100 (3) 0.5
H52A 0.321347 0.080457 0.038154 0.150* 0.5
H52B 0.221119 0.108782 —0.017045 0.150* 0.5
H52C 0.181610 0.161598 0.040767 0.150% 0.5
C53 0.1226 (9) —0.0114 (6) 0.0233 (3) 0.0644 (19) 0.5
H53A 0.161494 —-0.079895 0.003776 0.077* 0.5
H53B 0.121860 -0.026913 0.061771 0.077* 0.5
07 ~0.0243 (8) 0.0106(11) —0.0018 (11) 0.062 (3) 0.5
C54 —0.1170 (8) —0.0891 (6) —0.0001 (3) 0.067 (2) 0.5
H54A =0.117247 —0.107862 0.037923 0.080* 0.5
H54B -0.084139 -0.157061 —0.021871 0.080* 0.5
C55 -0.2705 (12) —0.0508 (8) —0.0253 (6) 0.100 (3) 0.5
H55A —0.342776 =0.113620 —0.026021 0.150* 0.5
H55B —0.299640 0.017133 —-0.003268 0.150% 0.5
H55C -0.266792 -0.031680 —0.062593 0.150* 0.5
Cl 0.5470 (2) 0.61076 (18) 0.28588 (8) 0.0242 (4)
C2 0.4926 (2) 0.65582 (19) 0.33462 (9) 0.0252 (4)
C3 0.5827 (2) 0.69415 (18) 0.25073 (9) 0.0246 (4)
C4 0.4727 (2) 0.50839 (18) 0.25813 (9) 0.0263 (4)
cs 0.3395 (2) 0.66565 (16) 0.11064 (8) 0.0195 (3)
C6 0.4690 (2) 0.60314 (17) 0.11157 (8) 0.0224 (4)
Hé6 0.498324 0.558938 0.141349 0.027*
c7 0.5568 (2) 0.60328 (17) 0.07037 (8) 0.0238 (4)
H7 0.644723 0.559989 0.072050 0.029*
C8 0.5142 (2) 0.66761 (17) 0.02672 (8) 0.0237 (4)
c9 0.3839(2) 0.72973 (18) 0.02440 (8) 0.0254 (4)
H9 0.353865 0.772831 —0.005717 0.030*
C10 0.2984 (2) 0.72854 (17) 0.06592 (8) 0.0231 (4)
H10 0.210109 0.771308 0.063997 0.028*
cll 0.7246 (2) 0.6149 (2) —0.01589 (9) 0.0327 (5)
HITA 0.794129 0.643373 0.016441 0.049*
HI11B 0.767124 0.627435 —0.048888 0.049*
HI1C 0.705291 0.532286 —0.015106 0.049*
C12 0.12986 (19) 0.52183 (16) 0.14134 (7) 0.0190 (3)
Cl13 0.1551 (2) 0.42421 (16) 0.16889 (8) 0.0216 (4)
HI3 0.228118 0.427726 0.200326 0.026*
Cl14 0.0769 (2) 0.32137 (17) 0.15196 (8) 0.0236 (4)
H14 0.097120 0.255517 0.171361 0.028*
Cl5 —0.0308 (2) 0.31589 (16) 0.10658 (8) 0.0231 (4)
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Cl16 -0.0551 (2) 0.41133 (17) 0.07690 (8) 0.0246 (4)
HI6 ~0.126566 0.406881 0.044977 0.029*
c17 0.0248 (2) 0.51225(17) 0.09400 (8) 0.0228 (4)
H17 0.008361 0.576605 0.073294 0.027*
C18 ~0.1004 (3) 0.12417 (19) 0.11811 (11) 0.0367 (5)
HISA ~0.000369 0.094808 0.117849 0.055%
HISB -0.172719 0.063790 0.101735 0.055*
HI8C ~0.115746 0.146852 0.155818 0.055*
C19 0.0495 (2) 0.48835 (16) 0.28390 (8) 0.0199 (3)
€20 0.1490 (2) 0.41319 (18) 0.30955 (10) 0.0291 (4)
H20 0.247118 0.439675 0.322893 0.035%
c21 0.1088 (2) 0.30162 (19) 0.31603 (10) 0.0340 (5)
H21 0.178997 0.252011 0.333241 0.041*
c22 ~0.0350 (2) 0.26201 (17) 0.29728 (9) 0.0274 (4)
@23 ~0.1365 (2) 0.33463 (18) 0.27237 (9) 0.0276 (4)
H23 ~0.234924 0.308154 0.259661 0.033*
C24 ~0.0937 (2) 0.44721 (17) 0.26392 (8) 0.0243 (4)
H24 ~0.164210 0.496784 0.248836 0.029*
C25 ~0.2109 (3) 0.1078 (2) 0.29005 (12) 0.0400 (6)
H25A ~0.277746 0.155715 0.309584 0.060*
H25B ~0.217844 0.028018 0.299041 0.060*
H25C ~0.238896 0.110321 0.250629 0.060*
€26 0.07060 (19) 0.70110 (16) 0.34557 (8) 0.0197 (3)
27 ~0.0748 (2) 0.7017 (2) 0.35736 (9) 0.0302 (5)
H27 ~0.152348 0.669662 0.330462 0.036*
C28 ~0.1071 (2) 0.7478 (2) 0.40708 (10) 0.0387 (6)
H28 -0.206612 0.748902 0.413908 0.046*
€29 0.0051 (2) 0.7930 (2) 0.44753 (9) 0.0319 (5)
€30 0.1493 (2) 0.79189 (18) 0.43740 (8) 0.0247 (4)
H30 0.226816 0.821753 0.464874 0.030*
C31 0.1803 (2) 0.74652 (16) 0.38648 (8) 0.0213 (4)
H31 0.279759 0.746755 0.379609 0.026*
c32 0.0767 (3) 0.8793 (3) 0.53848 (11) 0.0580 (9)
H32A 0.145836 0.817560 0.547211 0.087*
H32B 0.033439 0.906693 0.571062 0.087*
H32C 0.129588 0.943218 0.526316 0.087*
C33 0.3431 (2) 0.95068 (15) 0.32834 (7) 0.0189 (3)
C34 0.2506 (2) 1.00783 (17) 0.36094 (8) 0.0218 (4)
H34 0.147043 1.004400 0.349247 0.026*
C35 0.3056 (2) 1.07035 (17) 0.41053 (8) 0.0237 (4)
H35 0.239932 1.108747 0.432187 0.028%
€36 0.4563 (2) 1.07605 (17) 0.42795 (8) 0.0234 (4)
37 0.5518(2) 1.02067 (19) 0.39530 (9) 0.0279 (4)
H37 0.655551 1.025500 0.406651 0.034*
C38 0.4954 (2) 0.95914 (18) 0.34668 (8) 0.0256 (4)
H38 0.561361 0.921372 0.324953 0.031*
C39 0.4289 (3) 1.1922 (2) 0.50943 (9) 0.0389 (5)
H39A 0.375867 1.251689 0.489557 0.058*
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H39B 0.488466 1.228405 0.542708 0.058%
H39C 0.357675 1.137463 0.519187 0.058*

C40 0.37004 (19) 0.96025 (16) 0.22014 (8) 0.0199 (3)
C41 0.3493 (2) 1.07899 (17) 0.22652 (8) 0.0239 (4)
H41 0.290308 1.109434 0.252756 0.029*

Cc42 0.4119 (2) 1.15405 (17) 0.19579 (8) 0.0250 (4)
H42 0.396987 1.234686 0.201235 0.030*

43 0.4971 (2) 1.10942 (17) 0.15678 (8) 0.0233 (4)
c44 0.5182(2) 0.99107 (17) 0.14955 (8) 0.0240 (4)
H44 0.575041 0.960299 0.122691 0.029*

C45 0.4567 (2) 0.91808 (16) 0.18132 (8) 0.0204 (4)
H45 0.474000 0.837695 0.176565 0.025%

C46 0.5586 (3) 1.29621 (18) 0.13423 (9) 0.0310 (4)
H46A 0.455742 1.320628 0.128510 0.047*
H46B 0.614246 1.332507 0.109294 0.047*
H46C 0.602619 1.319536 0.172036 0.047*

C47 0.0911 (2) 0.76620 (16) 0.15491 (8) 0.0194 (3)
H47A 0.139073 0.836920 0.145940 0.023*
H47B 0.019320 0.737444 0.122684 0.023*

C48 —0.03391 (19) 0.69010 (16) 0.23091 (8) 0.0189 (3)
H48A ~0.065966 0.627272 0.201836 0.023*
H48B -0.119203 0.708473 0.250353 0.023*

Cc49 0.08936 (19) 0.89055 (16) 0.24598 (8) 0.0197 (3)
H49A 0.043689 0.893617 0.279826 0.024*
H49B 0.077100 0.966839 0.231636 0.024*
C50 0.00576 (19) 0.79829 (15) 0.20347 (7) 0.0181 (3)
cs1 -0.1412 (2) 0.84997 (17) 0.18005 (8) 0.0230 (4)
H51A —0.194292 0.878298 0.210030 0.034*
HS51B —0.201531 0.790550 0.156104 0.034*
H51C -0.121562 0.914016 0.159085 0.034*

01 0.58996 (17) 0.67523 (14) ~0.01606 (6) 0.0308 (3)
02 —0.11837 (17) 0.22147 (13) 0.08752 (7) 0.0313 (3)
03 —0.06470 (18) 0.14986 (13) 0.30570 (8) 0.0381 (4)
04 —0.03867 (18) 0.8359 (2) 0.49571 (7) 0.0530 (6)
05 0.52291 (16) 1.13276 (14) 0.47578 (6) 0.0309 (3)
06 0.56350 (18) 1.17425 (13) 0.12387 (6) 0.0309 (3)
Pl 0.23330(5) 0.65646 (4) 0.16726 (2) 0.01707 (9)
P2 0.11526 (5) 0.63599 (4) 0.27960 (2) 0.01704 (9)
P3 0.28904 (5) 0.86405 (4) 0.26319 (2) 0.01700 (9)
Rul 0.34344 (2) 0.67321 (2) 0.25595 (2) 0.01663 (4)
H2A 0.462 (3) 0.604 (2) 0.3568 (9) 0.022 (6)*
H2B 0.537 (3) 0.728 (2) 0.3517 (10) 0.025 (6)*
H3A 0.626 (3) 0.763 (2) 0.2679 (10) 0.030 (6)*
H3B 0.615(3) 0.669 (2) 0.2170 (11) 0.033 (7)*
H4A 0.499 (3) 0.480(2) 0.2226 (10) 0.025 (6)*
H4B 0.444 (3) 0.455(2) 0.2785 (10) 0.025 (6)*
UCrData (2025), 10, x250524 data-4
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Atomic displacement parameters (4°)

UII Lf_‘l U33 Lﬂl Dﬂ_\ w!
Cs2 0.125 (8) 0.045 (5) 0.112 (5) ~0.021 (4) ~0.050 (5) 0.019 (5)
C53 0.081 (5) 0.057 (4) 0.053 (4) 0.026 (4) —0.002 (4) 0.005 (3)
07 0.073 (7) 0.040 (5) 0.072 (4) —0.004 (5) 0.011 (8) —0.001 (5)
54 0,069 (4) 0.056 (4) 0.073 (5) —0.024 (3) 0.026 (4) ~0.033 (3)
Css 0.125 (8) 0.045 (5) 0.112 (5) -0.021 (4) ~0.050 (5) 0.019 (5)
Cl 0.0125 (8) 0.0307 (10) 0.0281 (10) 0.0060 (7) —0.0010(7) 0.0009 (8)
2 0.0166 (8) 0.0313(10) 0.0261 (10) —0.0004 (7) —0.0026 (7) 0.0035 (8)
c3 0.0104 (8) 0.0298 (10) 0.0317 (10) 0.0018 (7) 0.0025 (7) —0.0053 (8)
cd 0.0235 (9) 0.0264 (10)  0.0286 (10)  0.0086 (8) 0.0021 (8) 0.0029 (8)
C5 0.0175 (8) 0.0197 (8) 0.0206 (8) -0.0004 (7) 0.0023 (7) -0.0014 (7)
C6 0.0207 (9) 0.0234 (9) 0.0229 (9) 0.0016 (7) 0.0025 (7) 0.0018 (7
c7 0.0200 (9) 0.0256 (9) 0.0261 (9) 0.0044 (7) 0.0042 (7) 0.0020 (7)
cs 0.0231 (9) 0.0263 (9) 0.0215 (9) —0.0011 (7) 0.0046 (7) ~0.0003 (7)
9 0.0270 (10) 0.0266 (10) 0.0225 (9) 0.0035 (8) 0.0027 (7) 0.0039 (8)
C10 0.0200 (9) 0.0240 (9) 0.0247 (9) 0.0033 (7) 0.0017 (7) 0.0013 (7)
Cl1l1 0.0255 (10) 0.0430 (13) 0.0318 (11) 0.0051 (9) 0.0106 (9) 0.0041 (9)
ci2 0.0152 (8) 0.0205 (8) 0.0206 (8) 0.0006 (6) 0.0025 (6) ~0.0009 (7)
ci13 0.0184 (8) 0.0231 (9) 0.0225 (9) 0.0038 (7) 0.0008 (7) 0.0007 (7)
Cl4 0.0235 (9) 0.0198 (9) 0.0274 (10) 0.0024 (7) 0.0019 (7) 0.0045 (7)
Cl1s 0.0208 (9) 0.0198 (9) 0.0278 (10) —0.0019 (7) 0.0033 (7) —0.0014 (7)
Cl6 0.0229 (9) 0.0244 (9) 0.0242 (9) ~0.0017 (7) —0.0031(7) 0.0009 (7)
c17 0.0221 (9) 0.0206 (9) 0.0248 (9) =0.0001 (7) —0.0007 (7) 0.0037 (7)
CI18 0.0373 (12) 0.0237 (10) 0.0479 (14) —0.0070 (9) 0.0001 (10) 0.0077 (10)
C19 0.0169 (8) 0.0197 (8) 0.0227 (9) 0.0010(7) 0.0027 (7) 0.0005 (7)
Cc20 0.0180 (9) 0.0237 (10) 0.0436 (12) 0.0001 (7) —0.0035 (8) 0.0056 (9)
C21 0.0247 (10) 0.0254 (10) 0.0505 (14) 0.0037 (8) =0.0027 (9) 0.0092 (9)
c22 0.0267 (10) 0.0195 (9) 0.0361 (11) —0.0017 (7) 0.0046 (8) 0.0033 (8)
€23 0.0199 (9) 0.0284 (10) 0.0329 (11) —0.0063 (8) —0.0013 (8) 0.0033 (8)
C24 0.0179 (9) 0.0256 (9) 0.0287 (10) 0.0002 (7) —0.0003 (7) 0.0049 (8)
C25 0.0351 (12) 0.0267 (11) 0.0588 (16)  —0.0100 (9) 0.0092 (11) 0.0044 (10)
C26 0.0150 (8) 0.0214 (8) 0.0224 (9) 0.0013 (6) 0.0031 (7) -0.0001 (7)
c27 0.0140 (8) 0.0447 (12) 0.0291 (10) —0.0012 (8) 0.0018 (7) ~0.0097 (9)
C28 0.0146 (9) 0.0615(16) 0.0360 (12) —0.0008 (9) 0.0049 (8) =0.0173 (11)
29 0.0217 (10) 0.0448 (13)  0.0266 (10)  0.0021 (9) 0.0033 (8) ~0.0097 (9)
C30 0.0181 (8) 0.0306 (10)  0.0234 (9) ~0.0009 (7) ~0.0012 (7) ~0.0011 (8)
C31 0.0150 (8) 0.0249 (9) 0.0243 (9) 0.0009 (7) 0.0027 (7) 0.0045 (7)
€32 0.0285 (12) 0.104 (3) 0.0331(13) —0.0007 (14) 0.0012 (10) —-0.0324 (15)
C33 0.0169 (8) 0.0187 (8) 0.0209 (8) ~0.0008 (6) 0.0033 (7) 0.0002 (7)
C34 0.0160 (8) 0.0253 (9) 0.0233 (9) 0.0013 (7) 0.0025 (7) =0.0006 (7)
C35 0.0215(9) 0.0264 (9) 0.0229 (9) 0.0022 (7) 0.0055 (7) —0.0023 (7)
C36 0.0230 (9) 0.0252 (9) 0.0210(9) =0.0023 (7) 0.0018 (7) —0.0008 (7)
37 0.0158(8) 0.0354(11) 00304 (10)  —0.0026 (8) 0.0020 (7) ~0.0062 (8)
C38 0.0171 (8) 0.0315(10) 0.0275 (10) —0.0008 (7) 0.0061 (7) —0.0051 (8)
C39 0.0349 (12) 0.0517 (15) 0.0265 (11) 0.0042 (10) 0.0027 (9) —0.0128 (10)
C40 0.0155 (8) 0.0223 (9) 0.0216 (9) 0.0005 (6) 0.0023 (7) 0.0017 (7)
UCrData (2025), 10, x250524 data-5
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C41 0.0231 (9) 0.0225 (9) 0.0268 (10) 0.0053 (7) 0.0071 (7) 0.0005 (7)
C42 0.0264 (9) 0.0204 (9) 0.0289 (10) 0.0050 (7) 0.0058 (8) 0.0029 (7)
C43 0.0209 (9) 0.0242 (9) 0.0253 (9) —0.0007 (7) 0.0043 (7) 0.0037 (7)
C44 0.0219 (9) 0.0251 (9) 0.0257 (9) 0.0020 (7) 0.0075 (7) —0.0002(7)
C45 0.0165 (8) 0.0197 (8) 0.0246 (9) 0.0001 (6) 0.0033 (7) =0.0009 (7)
C46 0.0396 (12) 0.0238 (10) 0.0308 (11) 0.0004 (9) 0.0071 (9) 0.0056 (8)
C47 0.0171 (8) 0.0190 (8) 0.0212 (9) 0.0025 (6) —0.0005(7) 0.0021 (7)
C48 0.0118(7) 0.0200 (8) 0.0243 (9) 0.0008 (6) 0.0006 (6) 0.0026 (7)
C49 0.0137 (8) 0.0191 (8) 0.0256 (9) 0.0024 (6) 0.0024 (7) =0.0009 (7)
C50 0.0138 (7) 0.0191 (8) 0.0214 (8) 0.0025 (6) 0.0013 (6) 0.0028 (7)
C51 0.0162 (8) 0.0221 (9) 0.0305 (10) 0.0031 (7) 0.0011 (7) 0.0048 (7)
01 0.0283 (7) 0.0407 (9) 0.0265 (7) 0.0080 (6) 0.0109 (6) 0.0083 (6)
02 0.0307 (8) 0.0221 (7) 0.0381 (9) —0.0074 (6) —0.0048 (6) 0.0027 (6)
03 0.0315 () 0.0214 (7) 0.0608 (11) —0.0036 (6) 0.0020 (8) 0.0082 (7)
04 0.0213 (8) 0.0959 (16) 0.0343 (9) —0.0015 (9) 0.0035 (7) —0.0315 (10)
0s 0.0249 (7) 0.0406 (9) 0.0240 (7) —0.0013 (6) 0.0011 (6) —0.0096 (6)
06 0.0388 (8) 0.0234 (7) 0.0341 (8) 0.0016 (6) 0.0155(7) 0.0059 (6)
Pl 0.01360(19) 0.0177 (2) 0.0192 (2) 0.00138 (16) 0.00080 (16) 0.00047 (17)
P2 0.01133 (19) 0.0185(2) 0.02006 (2) 0.00093 (16) 0.00078 (16) 0.00072 (17)
B3 0.01225(19) 0.0183 (2) 0.0201 (2) 0.00043 (16) 0.00272 (16) —0.00046 (17)
Rul 0.01074 (7) 0.01885 (7) 0.01943 (7) 0.00181 (5) 0.00065 (5) —0.00034 (5)
Geomelric parameters A, 2

C52—C53 1.529 (8) C25—03 1.410 (3)
C52—H352A 0.9800 C25—H25A 0.9800
C52—HS52B 0.9800 C25—H25B 0.9800
C52—Hs52C 0.9800 C25—H25C 0.9800
C53—07 1.434 (11) C26—C31 1.385(3)
C53—HS53A 0.9900 C26—C27 1.403 (3)
C53—H53B 0.9900 C26—P2 1.8425 (19)
07—C54 1.441 (12) C27—C28 1.373 (3)
C54—C55 1.540 (8) C27—H27 0.9500
C54—H54A 0.9900 C28—C29 1.392 (3)
C54—H54B 0.9900 C28—H28 0.9500
C55—HS55A 0.9800 C29—04 1.369 (3)
C55—H55B 0.9800 C29—C30 1.378 (3)
C55—Hs55C 0.9800 C30—C31 1.393 (3)
Ccl1—C2 1.431 (3) C30—H30 0.9500

C1—C3 1.433 (3) C31—H31 0.9500

C1—C4 1.435(3) C32—04 1.438 (3)
Cl—Rul 2.0674 (18) C32—H32A 0.9800

C2—Rul 2.245(2) C32—H32B 0.9800
C2—H2A 0.92(2) C32—H32C 0.9800
C2—H2B 0.96 (2) C33—C34 1.385(2)
C3—Rul 2.2249 (18) C33—C38 1.402 (3)
C3—H3A 0.93 (3) C33—P3 1.8275(19)
C3—H3B 0.95(3) C34—C35 1.397 (3)
IUCrData (2025). 10, x250524 data-6
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C4—Rul 2.263(2) C34—H34 0.9500
C4—H4A 0.97 (2) C35—C36 1.383 (3)
C4—H4B 0.90 (2) €35 H35 0.9500
C5—C6 1.393 (3) C36—05 1.364 (2)
c5—Cl10 1.398 (3) C36—C37 1.397 (3)
5Pl 1.8335 (19) C37—C38 1.376 (3)
Cc6—C7 1.390 (3) C37—H37 0.9500
C6—Hé 0.9500 C38H38 0.9500
Cc7—C8 1.389 (3) 3905 1.423 (3)
C7—H7 0.9500 C39—H39A 0.9800
801 1.360 (2) €39 H39B 0.9800
C8—C9 1.396 (3) C39—H39C 0.9800
c9—C10 1.383(3) C40-—C45 1,392 (3)
C9—H9 0.9500 C40—C41 1.395 (3)
C10—HI10 0.9500 C40—P3 1.8435 (19)
Cl1—ol 1.422 (3) C41—C42 1,387 (3)
Cl1—HIIA 0.9800 C41—H41 0.9500
Cl11—HI1B 0.9800 C42—C43 1.395 (3)
Cll—HIIC 0.9800 C42—H42 0.9500
GlI2—C13 1.387(3) C43—06 1.366 (2)
cl12—C17 1.404 (3) C43—C44 1,392 (3)
C12—Pp1 1.8398 (19) C44—C45 1.383 (3)
Cc13—Cl4 1.390 (3) C44—H44 0.9500
C13—HI13 0.9500 C45— 145 0.9500
Cl14—CI5 1.383(3) C46—06 1.422 (3)
Cl4—H14 0.9500 C46—H46A 0.9800
C15—02 1.363 (2) C46—H46B 0.9800
C15—C16 1.394 (3) C46—H46C 0.9800
Cl6—C17 1.379 (3) C47—C50 1.548 (3)
C16—HI16 0.9500 C47—P1 1.8448 (18)
C17—H17 0.9500 C47T—H4TA 0.9900
C18—02 1422 (3) C47—H47B 0.9900
CI8—HISA 0.9800 C48—C50 1.554 (3)
C18—HISB 0.9800 C48-—P2 1.8456 (18)
C18—HISC 0.9800 C48—H48A 0.9900
C19—C24 1.389 (3) C48—H48B 0.9900
C19—C20 1.397 (3) C49—C50 1.549 (3)
Cl19-—p2 1.8365 (19) 49— P3 1.8504 (18)
C20—C21 1.379 (3) 49— H49A 0.9900
C20—H20 0.9500 C49—H49B 0.9900
C21—C22 1.391 (3) C50—C51 1.537(2)
C21—H21 0.9500 C51—H51A 0.9800
2203 1,374 (2) C51—H51B 0.9800
C22—C23 1.381(3) C51—H51C 0.9800
Cc23—C24 1.397 (3) P1—Rul 2.2787 (6)
23— H23 0.9500 P2—Rul 2.2988 (5)
C24—H24 0.9500 P3—Rul 2.2780 (6)
1UCrData (2025). 10, x250524 dala-?
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C53—C52—H52A 109.5 C29—C30—H30 120.3
C53—(C52—HS52B 109.5 C31—C30—H30 120.3
H52A—C52—H52B 109.5 C26—C31—C30 122.06 (17)
C53—C52—H52C 109.5 C26—C31—H31 119.0
H52A—C52—HS52C 109.5 C30—C31—H31 119.0
H52B—C52—H52C 109.5 04—C32—H32A 109.5
07—C53—C52 108.6 (10) 04—C32—H32B 109.5
0O7—C53—HS3A 110.0 H32A—C32—H32B 109.5
C52—C53—HS53A 110.0 04—C32—H32C 109.5
07—C53—H33B 110.0 H32A—C32—H32C 109.5
C52—C53—HS53B 110.0 H32B—C32—H32C 109.5
H53A—C53—H53B 108.3 C34—C33—C38 117.36 (17)
C53—07—C54 108.9 (12) C34—C33—P3 127.20(14)
07—C54—C55 103.0 (8) C38—C33—P3 115.44 (14)
07—C54—H34A 111.2 C33—C34—C35 121.78 (17)
C55—C54—HS54A 111.2 C33—C34—H34 119.1
07—C54—H54B 111.2 C35—C34—H34 119.1
C55—C54—H54B 111.2 C36—C35—C34 119.62 (18)
H34A—C54—H54B 109.1 C36—C35—H35 120.2
C54—C55—HS55A 109.5 C34—C35—H35 120.2
C54—C55—HS5B 109.5 05—C36—C35 125.08 (18)
H55A—C55—H55B 109.5 0O5—C36—C37 115.32(17)
C54—C55—HS55C 109.5 C35—C36—C37 119.61 (18)
H55A—C55—HS55C 109.5 C38—-C37—C36 119.85 (18)
H55B—C55—HS55C 109.5 C38—C37—H37 120.1
C2—C1—C3 115.95 (18) C36—C37—H37 120.1
Cc2—C1—C4 115.50 (18) C37—C38—C33 121.77 (18)
C3—Cl1—C4 114.71 (18) C37—C38—H38 119.1
C2—Cl1—Rul 77.48 (11) C33—C38—H38 119.1
C3—Cl—Rul 76.55(11) 0O5—C39—H39A 109.5
C4—Cl—Rul 78.20 (11) 05—C39—H39B 109.5
Cl1—C2—Rul 64.03 (10) H39A—C39—H39B 109.5
Cl—C2—H2A 117.9 (15) 05—C39—H39C 109.5
Rul—C2—H2A 116.4 (15) H39A—C39-—H39C 109.5
C1—C2—H2B 115.6 (14) H39B—C39—H39C 109.5
Rul—C2—H2B 113.6 (14) C45—C40—C41 117.67 (17)
H2A—C2—H2B 118 (2) C45—C40—P3 121.63 (14)
Cl—C3—Rul 64.65 (10) C41—C40—P3 120.68 (14)
Cl1—C3—H3A 116.2 (16) C42—C41—C40 122.12(18)
Rul—C3—H3A 115.1 (16) C42—C41—H41 118.9
Cl—C3—H3B 119.9 (16) C40—C41—H41 118.9
Rul—C3—H3B 117.6 (16) C41—C42—C43 119.05 (18)
H3A—C3—H3B 114 (2) C41—C42—H42 120.5
Cl—C4—Rul 63.42 (10) C43—C42—H42 120.5
Cl—C4—H4A 117.9 (14) 06—C43—C44 115.84 (17)
Rul—C4—H4A 112.8 (14) 06—C43—C42 124.51 (18)
Cl1—C4—H4B 117.9 (16) C44—C43—C42 119.65 (18)
Rul—C4—H4B 117.1 (15) C45—C44—C43 120.27(18)
IUCrData (2025). 10, x250524 data-8
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H4A—C4—H4B
C6—C5—C10
Co—C5—P1
Cl10—C5—P1
C7—C6—C5
C7—C6—H6
C5—C6—Ho6
C8—C7—Ce
C8—C7—H7
C6—C7—H7
01—C8—C7
01—C8—C9
C7—C8—C9
C10—C9—C8
C10—C9—H9
C8—C9—H9
C9—CI10—C5
C9—CI10—HI10
C5—CI10—H10
Ol—CIl1—HI1A
O1—Cl11—HI11B
H11A—CI11—HI11B
O1—Cl11—HI11C
H11A—CI11—HI11C
H11B—CI11—HIIC
C13—Cl12—C17
C13—Ci12—P1
C17—CI12—PI
C12—C13—Cl4
CI12—CI13—H13
Cl14—CI13—HI13
C15—C14—C13
C15—Cl4—H14
C13—Cl4—H14
02—C15—C14
02—C15—Cl6
C14—CI15—Cl6
C17—Cl16—CI5
C17—Cl16—H16
Cl15—Cl6—HIl6
Cl6—C17—Cl12
Cl16—CI17—H17
C12—C17—H17
02—C18—HIBA
02—C18—HI8B
HI8A—CI18—HI8B
02—C18—HISC
HIBA—CI18—HIBC

117 (2)
117.52 (17)
117.64 (14)
124.82 (14)
122.20 (18)
118.9

1189
119.06 (18)
120.5
120.5
124.95 (18)
115.14 (18)
119.91 (18)
120.04 (18)
120.0
120.0
121.27 (18)
119.4
119.4
109.5

109.5

109.5

109.5

109.5

109.5
11735 (17)
119.79 (14)
122.87 (14)
122.08 (18)
119.0
119.0
119.33 (18)
120.3

120.3
124.54 (18)
115.53 (18)
119.93 (18)
119.84 (18)
120.1

120.1
121.37 (18)
119.3

1193

109.5

109.5

109.5

109.5

109.5

C45—C44—H44
C43—C44—H44
C44—C45—-C40
C44—C45—H45
C40—C45—H45
06—C46—H406A
06—C46—H46B
H46A—C46—H46B
06—C46—H46C
H46A—C46—H46C
H46B—C46—H46C
C50—C47—P1
C50—C47—H47A
P1—C47—H47A
C50—C47—H47B
P1—C47—H47B
H47A—C47—H47B
C50—C48—P2
C50—C48—H48A
P2—C48—H48A
C50—C48—H48B
P2—C48—H48B
H48A—C48—H48B
C50—C49—P3
C50—C49—H49A
P3—C49—H49A
C50—C49—H49B
P3—C49—H49B
H49A—C49—H49B
C51—C50—C47
C51—C50—C49
C47—C50—C49
C51—C50—C48
C47—C50—C48
C49—C50—C48
C50—C51—H51A
C50—C51—H51B
H51A—C51—HSI1B
C50—C51—H51C
H51A—C51—H51C
H51B—C51—H51C
C8—01—Cl1
Cl15—02—C18
C22—03—C25
C29—04—C32
C36—05—C39
C43—06—C46
C5—P1—C12

119.9
119.9
121.22 (18)
119.4
119.4
109.5

109.5

109.5

109.5

109.5

109.5
114.60 (12)
108.6
108.6
108.6
108.6
107.6
115.84 (12)
108.3

108.3

108.3

108.3

107.4
114.06 (12)
108.7
108.7
108.7
108.7

107.6
107.08 (15)
107.66 (15)
11230 (15)
106.66 (14)
111,73 (15)
111.08 (15)
109.5

109.5

109.5

109.5

109.5

109.5
117.95(17)
116.94 (17)
117.59 (18)
116.31 (18)
116.73 (17)
117.42 (16)
98.09 (8)
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HI8B—CI18—HIS8C 109.5 C5—P1—C47 102.81 (8)
C24—C19—C20 117.37 (18) Cl12—P1—C47 102.11 (8)
C24—C19—P2 124.96 (14) C5—P1—Rul 121.90 (6)
C20—C19—P2 117.60 (14) Cl12—P1—Rul 117.49 (6)
C21—C20—C19 121.86 (19) C47—P1—Rul 111.63 (6)
C21—C20—H20 119.1 C19—P2—C26 98.09 (9)
C19—C20—H20 119.1 C19—P2—C48 101.82 (8)
c20—C21—C22 119.74 (19) C26—P2—C48 101.90 (8)
C20—C21—H21 120.1 C19—P2—Rul 121.79 (6)
C22—C21—H21 120.1 C26—P2—Rul 118.98 (6)
03—C22—C23 124.68 (19) C48—P2—Rul 111.21 (6)
03—C22—C21 115.52 (19) C33—P3—C40 97.02 (9)
C23—C22—C21 119.80 (19) C33—P3—C49 104.08 (8)
C22—(C23—C24 119.71 (18) C40—P3—C49 101.80 (9)
C22—(C23—H23 120.1 C33—P3—Rul 119.19 (6)
C24—C23—H23 120.1 C40—P3—Rul 118.98 (6)
C19—C24—C23 121.51 (18) C49—P3—Rul 113.02 (6)
C19—C24—H24 119.2 Cl—Rul—C3 38.80 (8)
C23—(C24—H24 119.2 Cl—Rul—C2 38.49 (8)
03—C25—H25A 109.5 C3—Rul—C2 65.82 (8)
03—C25—H25B 109.5 Cl—Rul—C4 38.37 (8)
H25A—C25—H25B 109.5 C3—Rul—C4 65.11 (8)
03—C25—H25C 109.5 C2—Rul—C4 65.06 (8)
H25A—C25—H25C 109.5 C1—Rul—P3 123.22 (6)
H25B—C25—H25C 109.5 C3—Rul—P3 97.30 (6)
C31—C26—C27 117.30 (17) C2—Rul—P3 102.46 (6)
C31—C26—P2 121.24 (14) C4—Rul—P3 161.15 (6)
C27—C26—P2 121.40 (14) Cl—Rul—P1 126.73 (6)
C28—C27—C26 121.20 (19) C3—Rul—P1 104.12 (6)
C28—C27—H27 119.4 C2—Rul—P1 164.85 (6)
C26—C27—H27 119.4 C4—Rul—Pl1 100.79 (6)
C27—C28—C29 120.39(19) P3—Rul—PI 89.759 (17)
C27—C28—H28 119.8 Cl—Rul—P2 129.19 (6)
C29—C28—H28 119.8 C3—Rul—P2 167.20 (6)
04—C29—C30 124.57 (19) C2—Rul—P2 101.69 (6)
04—C29—C28 115.76 (19) C4—Rul—P2 107.93 (6)
C30—C29—C28 119.67 (19) P3—Rul—P2 87.931(17)
C29—C30—C31 119.35 (18) Pl—Rul—P2 87.511 (19)
UCrData (2025), 10, x250524 data-10
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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 COz hydrogenation

COD Cyclo-1,5-octadiene

Cp* 1,2,3,4,5-Pentamethylcyclopentadienyl
DBU 1,8-Diazabicyclo[5.4.0]lundec-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

ed’PrP 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

HMOS
ICP-OES
LOHC
MeCN
MOF
MSC
mtppms
NEt;

NP

OA

OAc

OTf

PB

PC

PCN
PDA-rGO
PEI

PPhs

RES
Ru-MACHO

PF
p-TsOH
rGO

rt

SB
scCO2
SF
SEM
St. Dev.
STEM
THF
TMM
TOF
TON
Tos
TPPTS
triphos
TTON
VED

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

Hollow mesoporous organosilica sphere

Inductively coupled plasma-optical emission spectrometry
Liquid organic hydrogen carriers

Acetonitrile

Metal-organic framework

Mesoporous carbon

Monosulfonated triphenylphosphine

Triethylamine

Nanoparticle

Oxalic acid

Acetate

Trifluoromethanesulfonate

Potassium bicarbonate

Propylene carbonate

Polymeric carbon nitrides
Phenylenediamine-alkalized reduced graphene oxide
Polyethyleneimine

Triphenylphosphine

Renewable energy sources

({Bis[2-(diphenylphosphino)ethyl]amine} carbonyl
chlorohydridoruthenium(II)

Potassium formate

p-toluenesulfonic acid

Reduced graphite oxide

Room temperature

Sodium bicarbonate

Supercritical carbon dioxide

Sodium formate

Scanning electron microscopy

Standard deviation

Scanning transmission electron microscopy
Tetrahydrofurane

n*-Trimethylenemethane

Turnover frequency

Turnover number

Toluene-4-sulfonate

Trisodium 3,3',3"-phosphanetriyltri(benzene-1-sulfonate)
1, 1tris(diphenylphosphinomethyl)ethane
Total turnover number

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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7.2 Preliminary Information

In the preparation of the presented work, the following programs were used, among others:
ChemDraw Professional 23-1-2-7, ChatGPT (Version GPT-4), Grammarly (1.127.0.0),
Mercury 2020.2.0, MestReNova 14.3.2-32681, Origin 10.0.5.157, and Zotero (6.0.37)
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