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Hydrogen Storage and Delivery:
The Carbon Dioxide — Formic Acid Couple

Gabor Laurenczy*

Abstract: Carbon dioxide and the carbonates, the available natural C, sources, can be easily hydrogenated into
formic acid and formates in water; the rate of this reduction strongly depends on the pH of the solution. This
reaction is catalysed by ruthenium(i) pre-catalyst complexes with a large variety of water-soluble phosphine
ligands; high conversions and turnover numbers have been realised. Although ruthenium(i) is predominant in
these reactions, the iron(i) - tris[(2-diphenylphosphino)-ethyllphosphine (PP,) complex is also active, showing a
new perspective to use abundant and inexpensive iron-based compounds in the CO, reduction. In the catalytic
hydrogenation cycles the in situ formed metal hydride complexes play a key role, their structures with several
other intermediates have been proven by multinuclear NMR spectroscopy. In the other hand safe and convenient
hydrogen storage and supply is the fundamental question for the further development of the hydrogen economy;
and carbon dioxide has been recognised to be a viable H, vector. Formic acid - containing 4.4 weight % of H,,
that is 53 g hydrogen per litre - is suitable for H, storage; we have shown that in aqueous solutions it can be
selectively decomposed into CO-free (CO < 10 ppm) CO, and H,. The reaction takes place under mild experimen-
tal conditions and it is able to generate high pressure H, (up to 600 bar). The cleavage of HCOOH is catalysed
by several hydrophilic Ru(i) phosphine complexes (meta-trisulfonated triphenylphosphine, mTPPTS, being the
most efficient one), either in homogeneous systems or as immobilised catalysts. We have also shown that the
iron(i) — hydrido tris[(2-diphenylphosphino)ethyl]phosphine complex catalyses with an exceptionally high rate and
efficiency (turnover frequency, TOF= 9425 h-'mol-"; turnover number, TON= 92400) the formic acid cleavage, in
environmentally friendly propylene carbonate solution, opening the way to use cheap, non-noble metal based
catalysts for this reaction, too.

Keywords: CO, reduction - Formic acid - High-pressure H, generation - Hydrogen storage - Iron catalysis -
Ruthenium catalyst

1. Introduction is a great challenge for chemistry, since
carbon dioxide is a thermodynamically —CO,  +H, +NH, ~—HCOO"  +
very stable (AH° =-393.5 kJ/mol) and in-  NH,* 3)

ert compound. So the reactions of CO, of-

Carbon dioxide, the
abundant waste prod-

uct of combustion re-
actions, is present with
an increasing concen-
tration in the atmo-
sphere as a renewable
C, feedstock; lime-

stone and magnesite are widely available
on the Earth.['l The conversion of these

non-toxic, green, cheap and safe reagents
into useful organics (e.g. into formic acid)
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ten require harsh conditions, with catalysts
and reactants having high energy content.
Its utilisation therefore requires the iden-
tification of reaction pathways, the under-
standing and development of catalysts, and
the investigation of energetic constraints.
The first product of the stepwise reduction
of CO, with H, is formic acid, but in the gas
phase this reaction does not take place,?! as
AG®,,,=+32.9 kJ/mol (Eqn. (1)):

CO, +H

2(2) 2(g)

— HCOOH,, 1)

Dissolution of the gases decreases the
entropy term, in aqueous solution this re-
action becomes slightly exergonic with
AG®,, =4 kJ/mol (Eqn. (2)):

CO

2(aq)

+H,, — HCOOH 2)

(aq)

Addition of a base improves the en-
thalpy of the reaction (AG®,, = —35.4 kJ/
mol; AH®,, = -59.8 kJ/mol; AS°,, =81 J/
mol/K), making this reaction largely ac-
cessible (Eqn. (3)):

Numerous platinum group metal com-
plexes catalyse the hydrogenation of CO, to
formic acid under both sub- and supercriti-
cal conditions, in organic solvents, in water
or in aqueous biphasic systems (Fig. 1). In
the synthesis of dimethyl-formate from
CO,, H, and trimethylamine Jessop and
co-workers achieved turnover frequencies
(TOF) up to 7200 h™" using [RuCL,(PMe,),]
as catalyst in scCO, as solvent,l3! while
Baiker et al.! used a [RuCl (dppe),] cata-
lyst [dppe=Ph ,P(CH,),PPh | for the hy-
drogenation of CO, in the presence of di-
methylamine with an extremely high TOF
of 360000 h'. So far, the highest TON re-
ported for CO, hydrogenation, 3.5 million,
was published by Nozaki who used a pin-
cer-type Ir(imr)-catalyst for the reaction.b!
Although an important goal in catalysis
is to replace noble metal-based catalysts
with cheap, abundant, non-precious metal-
based systems, there are only two exam-
ples for the homogeneous catalysed reduc-
tion of carbon dioxide: Evans and Newell
described a catalytic system with very low
activity (TOF= 0.06 h™") and Jessop et al.
reported a TON of 113 using Fe(OAc),
and 1,2-bis(dicyclohexyl)phosphinoeth-
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Fig. 1. The carbon higher than that of the gasoline (—40 °C) or
. dulivery dioxide hydrogena- methanol (+12 °C). Since 2006 several po-
HCOOIL - H, tion-formic acid de- tentially applicable catalysts have been de-
composition cycle. veloped for the formic acid-based hydro-
r gen generation. We have found that Ru(ir)
- ._-" with the water-soluble m-trisulfonated
H triphenylphosphine (mTPPTS) ligand can
: selectively decompose HCOOH into car-
I @ bon monoxide-free hydrogen and carbon
IICOO- = -— HCO5" dioxide in a very wide pressure range.!8!
H- ] Beller et al.l%! established that the ruthe-
- -1 nium and iron phosphine-arene complexes
from renewable sources . can selectively produce H, and CO, from
CO; a HCOOH-amine azeotrope. Later Wills,
Himeda and Fukuzumi proposed several Ir,
Rh and Ru complexes for selective hydro-
20 ‘ . I Fig. 2. Typical, char- gen generation from formic acid.[!0]
] j acteristic concentra-
| * HCOOH/M 1 tion/time profile of
] ] CO,/CaCO, reduction . .
15 . i inta HCOO" at 323 K. 2. Results and Discussion
| e :
| - ] Z::I; Y\alzd,\;r,:ﬂzﬁn%aﬁ To hydrogenate carbon dioxide, the
10 . b conditions: CaCO, trar}sformatlon 'of hydrogen storage and
. solid =200 mg (in2.0  delivery cycle into a CO, neutral proce-
il ] ml water), P(CO,) = dure, an efficient CO, reduction method
0.5 ] h 30 bar, P(H,) =20 bar,  is necessary. Our results show!!!! that car-
' 1 shaking: 300 min", bon dioxide and carbonates can be hydro-
) oh 1 [P'Otﬁl_-rg;; s7h, genated catalytically in water, using even
O . > ] - oen Ca.CO3 f(?r thermodynamic sink to the re-
0 100 200 300 400 500 action (Fig. 2).
A large number of Ru(i1) phosphine
complexes have been found catalytically
Fig. 3. Evolution of a'ctive for CO, hydrogenation. High reac-
the °C NMR sig- tion rates, turnover numbers and turnover
nals of the formate frequencies are necessary for efficient re-
[H*COQT, 6 = 170.9 duction. On the other hand, to detect in-
ppm, 'J , =194 Hz termediates, to obtain detailed mechanis-
(and [D*COOY, & = tic information, slow reactions are often
||| |[| |1_|70-.7 phme.‘Jo% =32 helpful. [RuCL(PTA)([9]aneS,)] (where
ﬁ,'\__‘_ o J\ 2) in the bicarbonate  pA — 1,3,5-triaza-7-phosphadamantane,
LA R i Fydrc;gﬁnatméq reg;:- and [9]aneS3 = 1,4,7-trithiacyclononane)
t*' T I\L\‘“** ;?q.’:oag;/ E_ 'Il'régltil;ne also catalyses the hydrogenation of CO,,
lll(kh N A A IJJJL_ delay between spec- blyarbonate gnd F:arbonate ions FO formic
TR | tra 1 hour, initial con-  acid/formate ion in aqueous solution under
N N N ‘ ditions: [NaH™CO,] = mild conditions.[''kl While the activity of
t - At 0.15M,C_,=0.0012 this catalyst is low, the formation of an in-
w7 o T M, p(H,) = 100 bar. termediate involving coordination of both
E—" S U hydride and bicarbonate to the ruthenium
e ) centre has been unambiguously established
I b by 'H, *'P and *C NMR spectroscopy, the
I Y VY PH THT VAT Y T TR T l[lRu(H)(CO3H)(PTA)([9.]an§83).] complex
pom) as been characterised in sifu in the reac-

ane (dcpe) at 50 °C with 40 bar H, and 60
bar CO,.l6]

On the other hand, hydrogen is one of
the promising candidates as an energy car-
rier to replace traditional fossil fuels both
for environmental and economic reasons.
Hydrogen has the advantage of being
non-toxic and forms only water when it
burns. Combined with fuel cell technol-
ogy, very efficient energy conversion can
be achieved.[’! However, its storage re-
mains a challenge: Conventional hydrogen
storage methods, like high-pressure gas

bottles and cryogenic liquid containers,
have weight and safety issues. Therefore
a variety of new materials have been de-
veloped, such as metal hydrides, metal-or-
ganic frameworks, carbon nanostructures,
small inorganic and organic ‘hydrides’.
These strategies have their own techni-
cal and cost problems, and so solutions to
overcome them are currently an active area
of research. Formic acid is among the po-
tential candidates, among the small organ-
ic molecules, for H, storage and delivery.
HCOOH has a flash point of +69 °C, much

tion medium (Fig. 3). The reduction of CO,
takes place via this bicarbonate species and
the rate-determining step appears to be the
intramolecular hydride transfer from the
metal to the coordinated bicarbonate/CO,.
No other products were detected during
the catalytic runs beside the deuterated!!?!
DCOO.

Despite of the fact that the platinum
group metals are the best catalysts today
for carbon dioxide/bicarbonate hydroge-
nation, we have shown recently that the
iron(1r)—tris[(2-diphenylphosphino)-ethyl]
phosphine (PP,) complex is also active,
opening a new perspective to use abundant
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Fig. 4. Decomposition of 10 mmol HCOOH into H,

and CO,, catalysed

by 22 mol Ru(i) with 2 equiv. phosphine in 2.5 ml H,0/D,0 (1:1), 90 °C.
Grey colour: conversion (%), brown colour: turnover frequency (TOF in
h~"). Phosphines: m-trisulfonato triphenylphosphine (IMTPPTS), di(m-
sulfonato)triphenyl phosphine (mTPPDS), methyl-di(m-sulfonato-phenyl)
phosphine (MeDPPS), butyl-di(m-sulfonato-phenyl)phosphine (BuDPPS),
cyclopentyl-di(m-sulfonato-phenyl)phosphine (CypDPPS), dimethyl-(m-
sulfonato-phenyl)phosphine (DiMeMPPMS), and dicyclopentyl-(m-sulfo-

nato-phenyl)phosphine (DiCypMPPMS)

and inexpensive iron-based compounds in
the CO, reduction.[!3!

The selective homogeneous catalytic
decomposition of formic acid in aqueous
solution can be carried out using hydro-
philic ruthenium-based catalysts, gener-
ated from the highly water-soluble ligand
meta-trisulfonated triphenylphosphine and
RuCl,.B331 The formic acid splitting reaction
takes place under mild experimental condi-
tions, in a wide range of temperature, and
at a controllable rate. On the basis of this
catalytic system, HCOOH can be used as
a viable hydrogen storage material. It has
also been shown(® that a large number of
the water-soluble sulfonato aryl- and aryl-/
alkylphosphine ligands can be applied suc-
cessfully in aqueous-phase ruthenium(ir)-
catalysed formic acid decomposition into
hydrogen and carbon dioxide with a very
high yield, between 95% and 100%.

The structures, the electronic and ste-
ric properties of these phosphine ligands
influences the rate of hydrogen genera-
tion from HCOOH. The very good activ-
ity, observed with mTPPTS and mTPPDS,
is probably due to a compromise between
steric effects and ligand basicities, but no-
tably the high stability and high solubility
of these ligands (Fig. 4).

3. Conclusions
Several catalysts have been developed

for the homogeneous catalytic hydrogena-
tion of carbon dioxide, bicarbonate and

carbonate in water since aqueous systems
are well suited for this process. No addi-
tives are needed for an efficient reduction,
the pH can be regulated through the CO,/
HCO,/CO,* buffer by varying the CO,
pressure. Slightly acidic/neutral conditions
are beneficial for the reduction as a com-
promise between increased concentration
of the catalytically active metal hydrides
and the highest available concentration of
[HCO,]. The main role of amines used in
earlier studies is to shift the pH in favour
of the formation of bicarbonate.
Homogeneous  catalytic  systems
based on water-soluble ruthenium(in)—
phosphine catalysts selectively decom-
pose HCOOH into H, and CO, in aqueous
solution. The catalytically active hydrido
complexes are formed in situ from Ru(1r),
or Ru(ir) with the water-soluble phos-
phine TPPTS as co-catalyst. This reaction
provides an efficient in situ method for
hydrogen production that operates over
a wide range of pressures, under mild
conditions, and at a controllable rate.
Multinuclear NMR spectroscopy allowed
several intermediates to be identified,
which led to a tentative reaction mecha-
nism consisting of two competitive cata-
lytic cycles, involving a monohydrido ru-
thenium complex [RuH(TPPTS),(H,0),]*
as a common intermediate. On the basis
of these results one can envisage the prac-
tical use of carbon dioxide as hydrogen
vector. Previous limitations to the appli-
cation of formic acid as hydrogen storage
material, notably catalyst deactivation

and the formation of side products, have
been overcome.!14]

In propylene carbonate solution, with
an iron(i)-based catalyst system, con-
sisting of Fe(BF,),-6H,0 and tris[(2-
diphenylphosphino)ethyl]phosphine
(P(CH,CH,PPh,),, PP)), a remarkably
high activity, with turnover frequencies up
to 9425 h™! and turnover numbers of more
than 92,000, was achieved.[!5!

4. Experimental

4.1 Carbon Dioxide Reduction

D,0 (99.9%), Na,*CO, and NaH"CO,
(99% enriched in C) were purchased
from Cambridge Isotope Laboratories.
Na,CO, and NaHCO, were obtained from
Fluka. H, and CO, were acquired from
Carbagas-CH. All materials were used as
received. The reactions were carried out in
high pressure sapphire NMR tubes (pres-
sure <120 bar) and were followed by NMR
spectroscopy. 'H, *C and *'P NMR spectra
were recorded on Bruker DRX 400 NMR
spectrometer. TSPSA and phosphoric acid
were used!!¢l as references for the 'H, *C
and *'P NMR measurements, respectively.
The spectra were fitted with WINNMR and
NMRICMA/MATLAB programs (non-lin-
ear least square fit to determine the spectral
parameters). The samples were pressurised
with H, up to 100 bar in 10 mm high pres-
sure sapphire NMR tubes. The tube was
thermostated to the desired temperature
in the NMR spectrometer and the reac-
tions were followed by multinuclear NMR
technique. The concentrations of HCO,,
CO,*/HCO, and CO, were determined
from integration of the corresponding 'H
and *C NMR signals. The initial rates and
turnover frequencies (TOF = mol formate/
mol catalyst/h™') were calculated by non-
linear least squares fits of the experimental
data from the initial part of the reactions.
The reaction intermediates were identified
by multinuclear NMR spectroscopy.

4.2 Hydrogen Generation

Kinetic experiments were performed
in 10 mm high-pressure sapphire NMR
tubes. In a typical experiment, the rutheni-
um pre-catalyst was dissolved in a formic
acid/sodium formate (9:1, 4 M) aqueous
solution (2.5 ml, 1:1 D,0/H,0) contain-
ing mTPPTS or other ligand. The tube was
then thermostated at 90 °C (or to the de-
sired temperature), with an electric heating
jacket or directly in the spectrometer. The
reaction was followed by monitoring the
pressure as a function of time with a pres-
sure transducer connected to the tube via a
high-pressure capillary, with a home-made
LabView 8.2 program with a NI USB 6008
interface, and by 'H or *C NMR spectros-
copy. Conversions were determined by in-
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tegration of the formic acid/formate peak
relative to that of water or to an external
standard. Recycling of the catalyst was
performed by cooling the sapphire tube
to room temperature, depressurisation and
addition of formic acid.
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