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Abstract: The ruthenium-catalyzed decomposition
of formic acid was investigated with respect to con-
tinuous hydrogen generation and long-term stability
of the catalytic systems. A highly active and stable
system is presented, which was studied in batch and
continuous modes for up to two months. The opti-
mized catalyst system containing N,N-dimethyl-n-
hexylamine with an in situ generated catalyst from
(benzene)ruthenium dichloride dimer [RuCl2ACHTUNGTRENNUNG(benzene)]2 and 6 equivalents of 1,2-bis(diphenyl-
phosphino)ethane (dppe) reached at room tempera-
ture a total turnover number (TON) of approximat-
ly 260,000 with average turnover frequency (TOF)
of about 900 h�1. Only hydrogen and carbon dioxide
were detected in the produced gas mixture which
makes this system applicable for direct use in fuel
cells.
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It is estimated that the world energy demand will con-
tinue to grow significantly in the near future. There-
fore, a central challenge for the next decades is the
sufficient and sustainable supply of energy.[1] Hydro-
gen as chemical energy carrier allows for matching
the increasing energy demand with the reduction of
greenhouse gases.[2] Unfortunately, the use of hydro-
gen as a carbon-free fuel source lacks appropriate
storage technologies, especially under mild condi-
tions.[3] Therefore, hydrogen storage is a significant
obstacle for the further advancement and applications
of hydrogen technologies. In this respect, the use of
renewable feedstocks for hydrogen generation or
carbon dioxide as suitable storage material for hydro-
gen and the controlled release of hydrogen from
formic acid[4] have received considerable attention
lately.[5,6]

For some time we have been interested in the de-
velopment of low temperature hydrogen generating
systems.[7] In 2008, we and Laurenczy et al. independ-
ently have demonstrated that hydrogen can be gener-
ated from formic acid under mild conditions.[8] Im-
proved catalytic activity was obtained by applying in
situ catalysts based on ruthenium and various phos-
phine ligands.[9] Most recently, we showed that the re-
action can be triggered and accelerated by irradiation
with visible light.[10] In addition, notable efforts have
been made to elucidate the reaction mechanism for
aqueous[11,12] and non-aqueous[9] formic acid/formate
decomposition. Besides, Zhou et al. and Iglesia and
co-workers presented new heterogeneous catalysts for
hydrogen generation from formic acid.[13] However,
all the reported catalyst systems still need to be im-
proved for commercial on-board hydrogen release. In
general, catalyst activity and/or stability are still too
low, or specialized/sophisticated equipment is needed.
So far, the most productive catalyst system has been
reported by Laurenczy et al., who achieved a turn-
over number of >40,000 at 120 8C within 90 h apply-
ing a water-soluble [Ru ACHTUNGTRENNUNG(H2O)6]

2+/TPPTS complex.[12]

Here, we present for the first time a system that is
able to generate hydrogen from formic acid on a
large scale under mild conditions (�40 8C) with un-
precedented catalyst productivity and stability
(Scheme 1).

In order to allow for practical electric applications,
>1 L H2 per hour of hydrogen should be produced
continuously for several hours. In our previous
work,[8,9] the maximum hydrogen evolution was
achieved by applying larger amounts of catalyst
(Table 1, entries 1 and 2). By switching to [RuCl2ACHTUNGTRENNUNG(benzene)]2/dppe hydrogen evolution is achieved with

Scheme 1. Hydrogen generation from formic acid.
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significantly increased catalyst activity (Table 1, en-
tries 3, 5–7). Applying the preformed complex [RuH2ACHTUNGTRENNUNG(dppe)2] a similar activity is observed (Table 1, en-
tries 3 and 4). As expected, decreasing the tempera-
ture causes a drop of activity (Table 1, entry 6). How-
ever, after adding new formic acid to the reaction
mixture hydrogen generation continues. In fact, a sig-
nificant increase of the catalyst activity and a much
shorter induction period are observed (Table 1,
entry 7). Thus, with less than 1/60 of the catalyst
amount almost the same hydrogen yield is achieved

with dppe instead of PPh3 as ligand (Table 1, entries 2
and 7).

Another important practical feature is the reuse of
the catalyst system. Notably, our ruthenium-phos-
phine complex showed no significant decrease of ac-
tivity even after 10 restarts of the reaction by addition
of formic acid during a period of two months! Hence,
a total turnover number (TON) of approximately
60,000 at 40 8C in 30 h reaction time was obtained.
Applying the in situ ruthenium catalyst, usually the
first run showed an induction period followed by a
linear increase of gas evolution. The induction period
is more pronounced for lower temperatures. The sub-
sequent runs proceeded with an induction period of
less than one minute. Except for argon traces from
the inert gas atmosphere, only hydrogen and carbon
dioxide were detected in the gas phase.

Analyzing the linear parts of the hydrogen genera-
tion (Figure 1), a volume of 2.9 L H2 per hour is gen-
erated at 40 8C and approximately 440 mL H2 per
hour at 25 8C.

To investigate the long-term stability of our system,
we constructed a device for continuous hydrogen gen-
eration (Figure 2). In a typical experiment 0.74 mL
formic acid per hour were added to the reaction
vessel containing 9.55 mmol [RuCl2ACHTUNGTRENNUNG(benzene)]2/
6 equiv. dppe in 17.5 mL N,N-dimethyl-n-hexylamine
(HexNMe2). The gas mixture was quantified constant-
ly with a gas flow meter “EL-FLOW” (Bronkhorst)
and the hydrogen content was measured with a hydro-

Table 1. Influence of different catalyst concentrations on hy-
drogen output.[a]

Entry Ru
[mmol]

Ligand Vsubstrate

[mL]
Temp.
[8C]

V3h

[mL]
TON3h

1 297.5 PPh3 20 26.5 1694 116
2 1191 PPh3 20 26.5 2923 50
3 19.1 dppe 5 40 1377 1469
4[b] 19.1 dppe 5 40 1374 1466
5 19.1 dppe 20 40 5452 5716
6 19.1 dppe 20 25 260 278
7[c] 19.1 dppe 20 25 2452 2616

[a] Reaction conditions: preformed substrate, 5 HCO2H,
4 HexNMe2 mixture, Ru/P = 1:6, 3 h.

[b] [RuH2ACHTUNGTRENNUNG(dppe)2].
[c] Restart by addition of 4.75 mL HCO2H.

Figure 1. Recycling experiments: 4.75 mL HCO2H added to a solution of 9.55 mmol [RuCl2 ACHTUNGTRENNUNG(benzene)]2/6 equiv. dppe in
17.5 mL HexNMe2.
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gen sensor supported by GC analysis of the collected
gas every 24 h.

As shown in Figure 3 no decrease of catalyst activi-
ty was observed over a period of 264 h resulting in an
outstanding TON of 260,000! To the best of our
knowledge, this is the highest value ever reported for
selective formic acid decomposition. With respect to
feedstock, commercially available formic acid (99%
grade, BASF) was used as received. Notably, also
formic acid with 2% water content can be used with-
out any loss of activity, underlining the robustness of
the catalytic system. Applying the continuous condi-
tions, the hydrogen outflow was approximately 0.45 L
H2 per hour.

In conclusion, the in situ generated [RuCl2ACHTUNGTRENNUNG(benzene)]2/6 equiv. dppe represents a highly active
and stable catalyst system both for batch and continu-
ous experiments. In the presence of N,N-dimethyl-n-
hexylamine unprecedented catalyst turnover numbers
of approximatly 260,000 with an average TOF of
more than 900 h�1 at room temperature have been
achieved. In the produced gas mixture only hydrogen

and CO2 are detected, which allows for direct use in
fuel cells after simple cleaning by a charcoal column.
Using easy laboratory equipment at ambient tempera-
ture (40 8C) up to 2.9 L hydrogen per hour have been
generated.

Experimental Section

All catalytic experiments were carried out under an inert
gas atmosphere (argon) with exclusion of air. The amine
was distilled under vacuum prior to use and stored under
argon. The catalyst precursors and phosphine ligands were
purchased from commercial suppliers and stored under
argon. All reactions were performed in a double-walled
thermostatically controlled reaction vessel with a reflux con-
denser, which is connected to a set-up of two manual or one
automatic gas burette, where the gases are collected. In ad-
dition, a GC for analyzing gases is applied (gas chromato-
graph HP 6890N, permanent gases: Carboxen 1000, TCD,
external calibration; amines: HP Plot Q, 30 m, FID). Typi-
cally a ratio of hydrogen and carbon dioxide of 1:1�5% is
detected.

Figure 2. Device for continuous hydrogen generation from formic acid.

Figure 3. Continuous hydrogen production at room temperature.
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Typical Procedure for the Decomposition of Formic
Acid/Amine Adducts

The premixed solution of HCO2H/amine (5.0 mL/20 mL)
was tempered at 25 8C or 40 8C in a double-walled thermo-
statically controlled reaction vessel. The vessel is purged
with argon to remove any other gas before the reaction is
started by addition of the catalyst as powder in a Teflon cru-
cible ([RuCl2 ACHTUNGTRENNUNG(benzene)]2/PPh3 or dppe, [RuH2ACHTUNGTRENNUNG(dppe)2]).
[RuH2ACHTUNGTRENNUNG(dppe)2] was synthesized according to a literature pro-
cedure.[14]

For recycle experiments the apparatus was flushed for at
least two hours with argon to remove any traces of hydrogen
and carbon dioxide. The remaining reaction mixture con-
taining the catalyst and the amine is reactivated by further
addition of formic acid through a thermostatically controlled
dropping funnel at the desired temperature. The standard
deviations for the volumetrically determined hydrogen vol-
umes and the calculated activities are between 1 and 10%.

For the long-term experiments a double-walled thermo-
statically controlled reaction vessel connected to a column
(internal diameter 10 mm; length 170 mm) filled with Car-
boTex (7.36 g; BET 1200 m2 g�1; MP/I 1200; diameter
0.4 mm) is linked to a gas flow meter (Bronkhorst, El-Flow)
calibrated for a 1:1 H2/CO2 mixture and a hydrogen sensor
(HACH ULTRA Analytics GmbH). For dosage of formic
acid a polyethylene tube is used to connect a formic acid re-
servoir with the vessel through a pump (Ismatec, REGLO
Digital). Initially a mixture of 4.75 mL formic acid and
17.5 mL HexNMe2 was placed in the reaction vessel contain-
ing [RuCl2ACHTUNGTRENNUNG(benzene)]2 (9.55 mmol, 4.86 mg) and 6 equiva-
lents of dppe (57 mmol, 22,7 mg) and the temperature of the
solution was controlled externally. Once a part of the initial
amount of formic acid had reacted (conversion: <40%), ad-
dition of formic acid was started (0.375 mL every 30 min).
The formic acid (BASF, 99%) was used as received.
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