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Formic acid is a liquid organic hydrogen carrier giving hydrogen on demand using catalysts. Metal complexes are

known to be used as efficient catalysts for the hydrogen production from formic acid decomposition. Their

performance could be better than those of supported catalysts with metal nanoparticles. However, difficulties to

separate metal complexes from the reaction mixture limit their industrial applications. This problem can be resolved

by supporting metal complexes on the surface of different supports, which may additionally provide some surface

sites for the formic acid activation.
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1. Introduction

Hydrogen is mainly used for ammonia synthesis and the petrochemical industry. Its traditional production involves

non-renewable sources and processes giving a significant emission of carbon dioxide leading to global warming.

Among these processes are steam reforming of natural gas and gasification of coal performed at very high

temperatures (>900 K). Recently, the International Energy Agency reported that the hydrogen production reached

75 mln of tons and that it was accompanied by emission of 830 mln tons of CO  . Global demand for hydrogen

increases from year to year accompanying by an increase of the carbon dioxide emissions.

Despite hydrogen is a clean energy carrier its safe transportation and storage are rather complicated. Liquid

organic hydrogen carriers (LOHCs) are used for safe storage and transportation of hydrogen . They can be

produced from biomass or CO  thus avoiding the effect of the evolved CO  for global warming. Formic acid

(HCOOH) is an example of such a LOHC. It contains 53.4 g L  hydrogen (4.4 wt %), which is by a factor of 2

higher than the content of compressed hydrogen at 350 bar at the same volume. This amount corresponds to the

energy density of 2.1 kWh L . In contrast to hydrogen, formic acid can be easily transported and stored and its

application is much safer. An important feature of using formic acid is that it can be produced by catalytic

hydrolysis/oxidation of biomass with high yields at low temperatures (<423 K) . Hydrogen can be released

from formic acid using catalysts at even lower temperatures (Figure 1). Thus, transformation of biomass to

hydrogen through formic acid could be considered as an efficient route, because direct gasification of biomass also

giving hydrogen demands very high temperatures (>900 K) (Figure 1). Recently, Zhang et al.  and Park et al. 

demonstrated the proof of concept for such an approach.
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Figure 1. Reaction scheme showing the production of electrical energy and fuels from biomass through the

conversion to formic acid.

The hydrogen obtained from formic acid could be further transformed to electrical energy (Figure 1). The

development of a compact integrated 25 kW system which converts formic acid to power has been discussed .

Formic acid could be used also as a donor of hydrogen instead of molecular hydrogen to hydrogenate different

organic substances for production of fuels and intermediates for fuels . Thus, it could be applied for synthesis

of γ-valerolactone from C6 sugars and levulinic acid , 2,5-dimethylfuran from 5-formyloxymethylfurfural ,

furfuryl alcohol  and methylfuran  from furfural, upgraded bio-oil from bio-oil , and diesel/gasoline mixtures

from tar  (Figure 1).

Supported catalysts with nanoparticles are traditional catalysts for the hydrogen production from formic acid in gas

and liquid phase. Novel single atom metal catalysts supported on N-doped carbon may provide a higher activity in

the formic acid decomposition than the activity of the catalysts with nanoparticles, but the difference is not so

significant . The activity of homogeneous metal complexes is often higher . Hence, they

could be used at lower temperatures. Metal complexes also represent more uniform active sites as compared to

metal nanoparticles. Hence, basing on this knowledge the design of the catalyst could be facilitated. However,

there are serious problems of application of homogeneous metal complexes as catalysts for different reactions
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limiting their industrial applications. They include difficulties in separation of a catalyst from the reaction medium

and catalyst’s recovery, instability of homogeneous catalytic systems, as well as possible corrosive effects of

catalyst solutions on the equipment .

Separation of the catalysts with noble metals could be important for production of hydrogen from reaction mixtures

containing formic acid and obtained from biomass. To solve this problem, metal complexes could be supported on

different supports. Serious efforts have been directed toward the immobilization of homogeneous catalysts on

supports. Evidently, their catalytic properties could change due to a change of ligand environment, since after

supporting the support surface sites become important ligands for metal atoms. These sites may have no direct

analogs in solutions . Their nature affects strongly the energy of interaction of metal complexes and resistance

of the catalyst to leaching. Additionally, the support may provide surface sites for formic acid activation leading to

its faster conversion.

Carbon dioxide is also produced as a by-product during the decomposition of formic acid; however, it can be further

hydrogenated into formate salts at low temperatures . Earlier, we have analyzed this reaction taking place on

different catalysts, particularly on supported metal complexes . In the present entry, we will consider in details

the catalytic properties of supported Ru, Ir and Fe complexes in the hydrogen production from formic acid. This

type of the catalysts shows excellent activity, selectivity and stability in the reaction and can be easily separated

from the reaction mixture.

2. Progress in Catalytic Hydrogen Production from Formic
Acid over Supported Metal Complexes

The summarized data for the key catalysts with supported Ru, Ir and Fe complexes for the hydrogen production

from formic acid are shown in Table 1. Other metal complexes are almost not studied. The table can help to choose

the optimal catalysts corresponding to certain conditions of the reaction. Basic additives to the reaction mixture or

basic sites of the catalysts/supports are known to promote significantly the reaction. They deprotonate formic acid

to formate species. Deprotonation of formic acid can be provided also by traditional oxide supports having basic

sites  and by introduction of alkali metals promoters to supported metal catalysts . Deprotonation

provided by pyridinic N sites of N-doped carbon support was also reported for the catalysts with single metal atoms

. In this case, it reminds the effect of basic amine additives.

As for catalysts with nanoparticles, the steady-state turnover frequency (TOF) values obtained for the gas- phase

reaction over a Pd/C catalyst doped with K ions with 3–4 nm Pd nanoparticles did not exceed 3600 h  at 353 K 

. The TOF value corresponds to the number of hydrogen molecules obtained per one metal site per time unit.

For the liquid-phase reaction and Pd nanoparticles (~1.4 nm) supported on N-doped carbon, the initial values were

higher and reached 8414 h  at 333 K in the presence of sodium formate . Some supported catalysts with

nanoparticles (Ir/C  and Ru/C ) were used for comparison of the activity with supported metal complexes

(Table 1). It was shown that their activity is negligible as compared with the activity of supported metal complexes.
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It should be mentioned that some homogeneous complexes showed much higher TOFs than those of the

supported metal complexes (Table 1). The values in the range 250,000–-322,000 h  for temperatures 363 and 373

K have been reported by a few groups of authors . These complexes are also based on Ir  and Ru

. It would be useful to immobilize them on some supports in order to have an opportunity to separate easily the

obtained catalyst from the reaction mixture.

As it is shown in (Figure 2), concentration of a metal complex in the catalyst is an important factor determining

TOFs. Interesting that at a lower concentration of a metal complex higher TOFs were observed. In this case, the

most active sites could be stabilized by specific support sites. The progress in understanding of the nature of these

sites may lead to development of a targeted synthesis of the catalysts with very active sites.

Table 1. Properties of the most active supported Ru, Ir and Fe complexes used for the hydrogen production from

formic acid.

References

1. IEA. The Future of Hydrogen. Available online: (accessed on 26 February 2021).

2. Preuster, P.; Papp, C.; Wasserscheid, P. Liquid Organic Hydrogen Carriers (LOHCs): Toward a
Hydrogen-free Hydrogen Economy. Acc. Chem. Res. 2017, 50, 74–85.

3. Rao, P.C.; Yoon, M. Potential Liquid-Organic Hydrogen Carrier (LOHC) Systems: A Review on
Recent Progress. Energies 2020, 13, 6040.

4. Bulushev, D.A.; Ross, J.R.H. Towards Sustainable Production of Formic Acid. ChemSusChem
2018, 11, 821–836.

5. Gromov, N.V.; Medvedeva, T.B.; Rodikova, Y.A.; Babushkin, D.E.; Panchenko, V.N.; Timofeeva,
M.N.; Zhizhina, E.G.; Taran, O.P.; Parmon, V.N. One-pot synthesis of formic acid via hydrolysis–
oxidation of potato starch in the presence of cesium salts of heteropoly acid catalysts. RSC Adv.
2020, 10, 28856–28864.

6. Preuster, P.; Albert, J. Biogenic Formic Acid as a Green Hydrogen Carrier. Energy Technol. 2018,
6, 501–509.

7. Zhang, P.; Guo, Y.-J.; Chen, J.; Zhao, Y.-R.; Chang, J.; Junge, H.; Beller, M.; Li, Y. Streamlined
hydrogen production from biomass. Nat. Catal. 2018, 1, 332–338.

8. Park, J.-H.; Lee, D.-W.; Jin, M.-H.; Lee, Y.-J.; Song, G.-S.; Park, S.-J.; Jung, H.J.; Oh, K.K.; Choi,
Y.-C. Biomass-formic acid-hydrogen conversion process with improved sustainability and formic
acid yield: Combination of citric acid and mechanocatalytic depolymerization. Chem. Eng. J.
2020, 127827.

9. Van Putten, R.; Wissink, T.; Swinkels, T.; Pidko, E.A. Fuelling the hydrogen economy: Scale-up of
an integrated formic acid-to-power system. Int. J. Hydrogen Energy 2019, 44, 28533–28541.

10. Nie, R.; Tao, Y.; Nie, Y.; Lu, T.; Wang, J.; Zhang, Y.; Lu, X.; Xu, C.C. Recent Advances in Catalytic
Transfer Hydrogenation with Formic Acid over Heterogeneous Transition Metal Catalysts. ACS
Catal. 2021, 11, 1071–1095.

−1

[21][23][24] [23][24]

[21]

Initial or
Attached
Complex

Catalyst Support

BET
Surface
Area of

the
Support,
m  g

Active Metal
Concentration,

wt %
T, K

Concentration of
Formic Acid and
Sodium Formate

TOF, h
(Ea, kJ
mol )

Reference

Ru-
mTPPTS

MCM41-
Si(CH ) PPh

- 0.3 383
10 M

(HCOOH+HCOONa,
9:1)

2780

Ru (η -
C H )

CTF500 1800 2.7 353 3 M 4020

RuCl (p-
cymene)

pDPPE 33 1 433 2.2 M 22,900

RuCl (p-
cymene)

PPh -MOF

1075 to
161

(after
reaction)

0.7 418
5 vol% (gas phase

reaction)
2300

Ir Cp* CTF500 1800 0.2 353 3 M 27,000

[Cp*IrCl ] bpy-CTF400 684 1.4 353 1 M 2820

[Cp*IrCl ] bpy-CTF500 1566 11.3 363 1 M 7930

Cp*IrCl polypyrrole 51 4.3 333 1 M 4060

Cp*IrCl polypyrrole 51 4.3 363
2 M

(HCOOH+HCOONa,1:1)
46,000

(66)

[Cp*IrCl ] CMP 706 0.1 433 2.2 M 123,894

2 −1

−1

−1

2 2 2

[36]

II
6

6 6

[37]

2 [35]

2
2

[38]

III [37]

2 2
[39]

2 2
[39]

2
[40]

2
[40]

2 2
[34]



Formic Acid for Hydrogen Production | Encyclopedia.pub

https://encyclopedia.pub/entry/8301 5/7

Ea—apparent activation energy, mTPPTS—meta-trisulfonated triphenylphosphine, PPh—phenylphosphine, CTF—

covalent triazine framework, MOF—metal organic framework, Cp*—pentamethylcyclopentadienyl, CMP—

bipyridine-based conjugated microporous polymer. 

Figure 2. Effect of concentration of IrCp* complex supported on bipyridine-based conjugated microporous polymer

on the TOFs in formic acid decomposition. The data are taken with permission from Reference .
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