Downloaded by University of Arizonaon 07 November 2012
Published on 01 June 2012 on http://pubs.rsc.org | doi:10.1039/C2EE21928]

View Online / Journal Homepage / Table of Contentsfor thisissue

Energy & Dynamic Article Links °
Environmental Science

Cite this: Energy Environ. Sci., 2012, 5, 8171

WWW.rsc.org/ees MINIREVIEW

Formic acid as a hydrogen source — recent developments and future trends
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Formic acid has recently been suggested as a promising hydrogen storage material. The basic concept is
briefly discussed and the recent advances in the development of formic acid dehydrogenation catalysts
are shown. Both the state of research for heterogeneous and for homogeneous catalyst systems are
reviewed in detail and an outlook on necessary development steps is presented. Formic acid is
considered as one of the most promising materials for hydrogen storage today. There are a number of
highly active and robust homogeneous catalysts that selectively decompose formic acid to H, and CO,
near to room temperature. Although the activity and selectivity of heterogeneous catalysts have not yet
reached the level of homogeneous systems, this gap is closing.

Introduction “mobile applications”. Particularly in combination with fuel cell
technology, hydrogen has the potential to provide mobile
application with an efficient and (locally) emission-free energy
source.

When Bockris! first envisioned this use of hydrogen as a
general energy carrier in 1972, he expected conservatism, the
public’s fear of hydrogen and a lack of qualified engineering
personnel as the main obstacles. Since then it has become clear
that one of the major difficulties for the development of a
sustainable hydrogen economy is the efficient and safe storage,
handling and distribution of its main component, the hydrogen
itself. Classical storage technologies, namely pressurization and/
or cryogenic liquefaction, suffer from an inherent trade-off
between storage density and efficiency.??® Recently, concepts for
the liquid phase storage of hydrogen under ambient conditions
using chemical hydrides, e.g. borohydrides, hydrazine and
especially formic acid, have received considerable attention.*®

The constant growth of earth’s population and the rising stan-
dards of living are causing a dramatic increase the world’s energy
consumption. As this rising energy demand is presently met by
the ever increasing use of fossil fuels, these resources are dwin-
dling at alarming rates, while the resulting CO, emissions lead to
global warming with all its environmental and socio-economic
consequences. It is clear that to reverse or even attenuate these
developments, sustainable and benign energy sources and an
efficient way of energy distribution are prerequisites. Various
renewable energy sources (e.g. wind and solar) have seen large-
scale applications over the last decade and capacities are steadily
increasing. In terms of energy distribution and storage, hydrogen
is considered one of the ultimate energy vectors to connect a
decentralized grid of power generators to various end users for

Institut des Sciences et Ingénierie Chimiques, Ecole Polytechnique Fédérale Formic acid (FA) is considered as one of the most promising

de Lausanne, Lausanne, Switzerland. E-mail: gabor.laurenczy@epfl.ch; materials for hydrogen storage today. Even though its
Fax: +41 21 69 39780; Tel: +41 21 69 39858

Broader context

In times of dwindling fossil fuel resources and rising concern about anthropogenic global warming, the search for alternative and
sustainable energy sources has become more pressing than ever. As the major candidates for renewable energy production (solar and
wind) are periodical, storage and delivery are of central interest. It is widely accepted that hydrogen as an energy vector could be a
solution for transport/mobile applications, based on its high energy content and the high efficiency with which its chemical energy
can be transformed into electricity in state-of-the-art fuel cells. However, due to the extremely low critical point and very low density
of hydrogen gas, it is particularly difficult to store efficiently: classical hydrogen storage methods suffer from weight, cost and safety
issues. As an alternative, chemical hydrogen storage has found considerable attention and formic acid is among the most promising
compounds to achieve it. Formic acid has a high volumetric hydrogen content, favorable physical properties and is simple to use,
making it an important aspirant for both mobile and stationary applications. Also, a hydrogen/energy storage-and-release cycle
based on formic acid decomposition and carbon dioxide hydrogenation can be envisioned that could solve the inflexibility of

decentralized power generation.
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production is mainly based on fossil feedstocks (naphtha partial
oxidation; methanol carbonylation/methyl formate hydrolysis),’
recent developments indicate a large potential pool of renewable
sources, namely from biomass'®'? and CO, hydrogenation.'®
Even though its hydrogen content (4.4 wt%) falls short of the
milestones set by the US Department of Energy for 2010, it
surpasses that of most other state-of-the-art storage materials
used today in terms of simplicity and useable/net capacity,
especially where capacities at ambient temperature are concerned
(see Demirci et al.*®). Formic acid has also been considered as
fuel in direct formic acid fuel cells (DFAFC). However, in
addition to the fuel crossover and catalyst deactivation known
from direct methanol fuel cells, DFAFCs suffer from additional,
more specific detrimental effects: CO from the indirect FA
decomposition route poisons the catalyst, the catalysts’ active
phase is prone to FA corrosion and the FA’s hydrophilicity can
dehydrate the PEM and cause increased cell resistance. In their
2011 review Rees and Compton conclude that despite the large
number of investigated catalyst materials and supports, the
trade-off between the system performance and longevity still
exists.'® Recent studies using advanced nanoparticle synthesis
methods and support materials show promising results and
further investigations should have a significant impact on fuel
cell performance.

As an alternative to its direct use in a PEMFC, formic acid
readily decomposes into H, and CO, in the presence of a
suitable catalyst as the reaction is thermodynamically downhill
(AG° = —32.8 kJ mol™').'” Combining the decomposition step
with a PEM fuel cell to an indirect, low temperature formic
acid fuel cell is an interesting alternative to its direct SOFC
use. Generally, the decomposition of FA happens via two
distinct reaction pathways, the decarboxylation, yielding H,
and CO, and the decarbonylation into CO and H,O (see
Scheme 1). Additionally, both product groups can be inter-
connected via the water—gas shift reaction at elevated reaction
temperatures.

HCOOH —> H,+CO, (1) AG® = - 32.9 kJ mol

RWGS ]

HCOOH — H,0+CO (2) AG® = -20,7 kJ mol”!

Scheme 1 Possible reaction pathways for the decomposition of formic
acid: dehydrogenation (1) and dehydration (2).

Taking the concept of formic acid based hydrogen generation
one step further, a reversible cycle of hydrogen supply and
storage, based on FA decomposition and the reverse hydroge-
nation of CO,, were envisioned.'®2° While the application of this
charmingly simple idea might still lie in the not-too-near future,
recent developments in FA decomposition catalysis make the
formic acid based generation of hydrogen, especially for mobile
applications, seem within reach today. State-of-the-art catalysts
are already highly active close to room temperature, yielding
high quality hydrogen with CO concentrations well below the
limits (at the ppm level) for direct application in fuel cells.

In the present review these recent advances in the use of formic
acid as a hydrogen source will be discussed, focusing on its
decomposition by heterogeneous and homogeneous catalysts.
We will also give an outlook on the necessary development steps
to move towards a formic acid based hydrogen economy and try
to outline some of the likely challenges and obstacles that might
be encountered.

Formic acid decomposition using homogeneous catalysts

Pioneering work on the decomposition of formic acid over
homogeneous catalysts dates as far back as 1967, when Coffey
described a highly active iridium phosphine complex yielding a
TOF of 1187 h™', albeit at elevated temperatures between 100
and 117 °C.?! Later works by Otsuka,?® Strauss®® and Trogler
et al.** report the decomposition of formic acid using different
noble metal complexes. Catalyst activity, however, was generally
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low, with the exception of the 100 h™' at room temperature
reported for a platinum phosphine catalyst. During the following
years, a number of papers discussed the formic acid decompo-
sition reaction as the unwanted reverse reaction in CO, hydro-
genation studies: Puddephatt and co-workers observed a TOF of
500 h~!' after 20 min using a dinuclear Ru complex, [Ru(u-
CO)(CO)4(m-dppm),], without the addition of a base.*® Using a
half sandwich Rh(i1) complex with a di-hydroxy-substituted
bipyridine ligand, [Cp*Rh(bpy)CI|Cl, (Cp* = pentam-
ethylcyclopentadienyl, bpy = 2,2'-bipyridine) Himeda et al.
observed a TOF of 238 h™!' at 40 °C.>* A similar catalyst,
[Rh™(Cp*)-(bpy)H,O]** showed some FA decomposition
activity at ambient temperature (28 h™' at 25 °C) in aqueous
solution.?” Tt is interesting to note that a significant pH depen-
dence of the catalyst activity with a pronounced maximum at pH
3.8 was observed, corresponding to the pK, of formic acid.

The potential of formic acid decomposition as a low-temper-
ature alternative to alcohol reforming as a hydrogen source was
demonstrated in 2008 in independent studies, one by our group
and one by Beller and co-workers. Beller’s group®*-*! studied an
extensive number of different homogeneous catalyst precursors
at 40 °C, including RhCl;-xH,0, [{RuCly(p-cymene)},],
RuCl,(PPhj3);, [RuClz(benzene),},] and RuBr;-xH,O, in the
presence of different amines and different phosphine ligands
(Table 1). The catalytic activity and stability changed signifi-
cantly with the amine/HCOOH ratio as well as the type and
concentration of ligands: bidentate phosphine ligands with short
alkyl groups like 1,2-bis(diphenylphosphino)ethane (dppe) gave
generally better activity than their equivalents with longer
carbon chains (e.g.1,2-bis(diphenylphosphino)butane (dppb)).

Of all the catalyst-ligand—amine combinations examined,
RuBr;-xH,0 in a SHCOOH/2NEt; reaction mixture containing
an initial equivalent of 3 triphenylphosphine (PPh;) per Ru
showed the best performance, yielding an initial TOF of 3630 h~!
at 40 °C after a 2 h pretreatment in 80 °C DMF. Similar activities
(initial TOF of 2688 h™!) were observed using RuCl,(PPh;);
under identical conditions. Both catalytic systems were shown to
decompose formic acid selectively to H, and CO, with no
detectable level of CO as a byproduct. It has to be noted that, due

Table 1 Homogeneous catalysts for the decomposition of formic acid

to the dependence of the catalyst activity on the HCOOH/amine
ratio and the batch type nature of the reported experiments, both
the reaction conditions and the hydrogen generation rate are far
from constant and these TOF values can only give an indication
about the catalysts’ true performance.

Connecting their reactor to a fuel cell, the authors provided
proof that the hydrogen produced under their conditions could
be used directly to generate electricity without CO removal. No
poisoning of the fuel cell catalyst was observed when all traces of
amine vapor had been removed from the hydrogen by means of
an activated carbon filter. Using an optimized catalytic system
generated in situ from dimeric Ru(benzene) dichloride [RuCl,-
(benzene)], with N,N-dimethyl-n-hexylamine and six equiv. of
dppe in a setup for continuous hydrogen generation, Beller ez al.
achieved a total TON of 260 000 over a period of two months
with an average TOF of 900 h~'.3° They also reported that the
decomposition of formic acid over certain Ru based catalysts can
be accelerated or even triggered by irradiation with light.3* The
effect was shown to depend both on the catalyst precursor and
ligand, yielding an activity increase of more than one order of
magnitude for an [RuCly(benzene)],/12PPhj; catalyst system. The
authors suggested the photo-assisted dissociation of n®-benzene
during the formation of the active catalyst as well as a non-
defined photo-assisted regeneration of this active catalyst as
potential mechanisms.

At the same time, our group reported the efficient decompo-
sition of formic acid using a water soluble Ru-based catalyst
synthesized by combining [Ru(H,O)¢J** or commercial
RuCl;3-xH,0 with two equivalents of meta-trisulfonated triphe-
nylphosphine (mTPPTS),**-** patented in 2006. The addition of
HCOONa to the aqueous formic acid solution (acid to formate
ratio 9 : 1) was shown to increase the catalytic activity by a factor
of 50. Recycling the catalyst resulted in a further activity
increase, which was assigned to the formation of the active
catalyst species during the first run. No catalyst deterioration was
observed during more than 100 additional recycle runs, yielding
full HCOOH conversion at 90 °C. Despite these high reaction
temperatures, no CO formation was observed by FTIR (3 ppm
detection limit). Once formed, the active catalyst species did not

Catalyst (precursor) and ligands Solvent/medium Performance T/°C Ref.
[Ruy(m-CO)(CO) 4(m-dppm),] Acetone TOF = 500 h~! RT 25
RuBr;-xH,0, 3 equiv. (PPh); SHCOOH/2NEt; Init. TOF = 3630 h™! 40 28
RuCl,(PPh;); SHCOOH/2NEt; Init. TOF = 2688 h™' 40 31
[RuCly(benzene)], 6 equiv. dppe N,N-dimethyl-n-hexylamine TOF = 900 h~'“, TON = 260 000 40 30
RuCl3-xH,O0, 2 equiv. TPPTS Aqueous HCOONa TOF =460 h! 120 33
RuCl;, 2 equiv. mTPPDS Aqueous HCOONa TOF =476 h! 90 35
([Rh"™(Cp*)(H,0)(bpy)I**) Aqueous HCOONa TOF =28 h™! RT 27
[Ir'"(Cp*)(H,O)(bpm)Ru" (bpy),]** Aqueous HCOONa TOF = 426 h™! RT 36
([Ir(Cp*)-4,4'-hydroxy-2,2'-bipyridine]) Aqueous TOF = 3100 h! 60 38
TOF =14 x 10*h! 90
[Ru,(HCO,),(CO)4) TEA TOF = 1.8 x 10* h~', 200 ppm CO 120 39
[Ruy(CO);,Hy] DMF TOF = 1470 h! 107 41
[{RuClLy(p-cymene)} -] IL ([Et,NEMim]Cl) TOF = 1540 h™! 80 43
RuCl; IL ((EMMIM][OAc)) TOF =280 h™' 80 45
[Fe(BF)4),]-6H,0, 2 equiv. PPy Propylene TOF = 1942 h! 40 51
Carbonate TOF = 5390 h ¢ 80

¢ Continuous run.

This journal is © The Royal Society of Chemistry 2012
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change its catalytic properties even after various tests at elevated
temperatures up to 170 °C, multiple reruns and exposure to air
and more than one year in solution. It is interesting to note that
the catalytic activity is not influenced by the CO, and H, pressure
even up to 75 MPa or by the dissolved H, and CO, (products)
concentrations and remains stable. This is a highly relevant
feature for applications where the produced gas is either stored
directly or where the high pressure can be used as the driving
force in a downstream H, purification step. A detailed kinetic
study using multinuclear NMR spectroscopy led us to the
proposition of a reaction mechanism consisting of two compet-
itive catalytic cycles with a monohydride ruthenium complex as a
common intermediate species. Recently, we investigated the
influence of different sulfonato aryl and aryl-/alkylphospine
ligands as well as the Ru concentration on the formic acid
decomposition activity using RuCl; as the catalyst precursor.*
Ligand basicity, its hydrophilic properties due to the sulfonate
group number and position, as well as steric effects were identi-
fied as the main parameters for the catalyst activity. Of all the
phosphine ligands investigated, meta-disulfonated triphenyl-
phosphine (mTPPDS) and meta-trisulfonated triphenylphos-
phine (mTPPTS) were found to give optimum compromises
between these parameters, leading to maximum formic acid
decomposition rates. A distinct maximum in catalyst activity
(TOF of 476 h~! at 90 °C) was observed for an Ru™ precursor
concentration of 28 mmol L' using two equivalents of
mTPPDS. The activity drop with increasing catalyst concentra-
tion was explained by the successive formation of less active
chloro-bridged dimeric species, as the reaction mixture contains
Cl™ from the synthesis.

In the wake of the studies by Beller and Laurenczy, the rising
interest in formic acid as a potential hydrogen storage material
has resulted in a number of catalyst studies dedicated to the
selective decomposition of formic acid: Fukuzumi et al. used an
Rh" aqua complex with an unsubstituted bipyridine (bpy) ligand
([Rh™(Cp*)(H,O)(bpy)]**) as the catalyst to decompose FA at
25 °C.*” While the observed catalytic activity was low (a
maximum TOF of 28 h~' at pH 3.8), studying the H/D exchange
and deuterium kinetic isotope effects led to the development of a
reaction mechanism with the elimination of B-hydride from an
Ru formate species as rate determining step. More recently the
same group presented a highly efficient heterodinuclear iridium—
ruthenium complex, [Ir™(Cp*)(H,O)(bpm)Ru"(bpy),]**.*¢ Rela-
tively high TOF values of up to 426 h~' were observed in an
aqueous HCOOH-HCOONa solution at room temperature and
an optimized pH of 3.8, without the formation of CO.

Based on his work on CO, hydrogenation,?*” Himeda3®
investigated different Ru, Rh and Ir based catalysts with 4,4'-
substituted 2,2'-bipyridine ligands for their performance in the
decomposition of formic acid in aqueous media. Of those
investigated, only the Ir based catalyst with a 4,4'-hydroxy-
substituted bipyridine (DHBP) ligand ([Ir(Cp*)-4,4'-hydroxy-
2,2'-bipyridine]) and SO4* as the anion yielded substantial
activity (TOF of 2800 h~' at 60 °C). Increasing the temperature
to 90 °C increased the TOF to a remarkable 1.4 x 10*h~! without
any CO formation or catalyst degradation. Varying the metal
center or the bipyridine 2,2'-substituents led to a significant
decrease in catalytic activity in all the investigated cases. The
author also investigated the effect of formic acid concentration

and pH on the FA decomposition rate at 60 °C. When changing
the FA concentration, a pronounced maximum in the catalytic
activity is observed for a 4 M formic acid solution (3100 h™1),
with a sharp drop towards higher concentrations. Increasing the
pH by adding sodium formate to the reaction mixture led to a
continuous decrease in the catalyst activity, from a maximum
initial TOF of 2500 h~! observed for pure HCOOH in water to no
measurable activity for a pH of 4.5. This strong pH influence is
attributed to the acid—base equilibrium of the hydroxyl group on
the ligand, tuning the catalyst structure between its pyridinol and
pyridinolate form. This effect is also used to explain the high
catalyst activity and the strong substituent effect between OH,
OMe, Me and H. Recently, Himeda et al. investigated the
interconversion between formic acid and H,/CO, using the same
Rh and Ru bipyridine catalysts from earlier works.®* Reasonably
high activities were observed for both reactions using the
[Ru(Cp*)DHBP] catalyst, while [Rh(Cp*)DHBP] deactivated
quickly during the CO,/bicarbonate hydrogenation under basic
conditions. In this context it is interesting to note that for both
the Rh and Ru catalysts with the DHBP ligand, the pH depen-
dence of the FA decomposition activity was markedly different
from the corresponding Ir catalyst, with a maximum between pH
2.5 and 4 and an activity drop for pure formic acid in water.

Wills and co-workers investigated several Ru" and Ru'
catalyst precursors ([Ru,Cl,(DMSO),], [RuCl,(NH3)s], [RuCl;]
and [Ruy(HCO,),(CO)4)) in triethylamine (TEA) at 120 °C,
explicitly without the addition of phosphine ligands.?* As can be
expected for such high temperatures, FA decomposition activi-
ties were found to be exceptionally high (up to ca. 1.8 x 10*h™").
Unfortunately, the CO concentration consistently exceeded 200
ppm for all the catalysts tested. The authors suggest the forma-
tion of [Ru,(HCO,),(CO),] as the active species common to all
the precursors under these reaction conditions. It is interesting to
note that during reuse, all the catalysts exhibited a slight activity
increase with each run, indicating ongoing formation of the
active catalyst species. The same group later used their
[Ru,Cl,(DMSO),J/TEA system in an attempt to continuously
decompose formic acid at a rate approaching the catalyst’s
maximum activity without acid accumulation in the system.*® Of
the two concepts tested — one temperature based, the other using
an impedance probe — the latter gave promising results, even
though the gas flow decreased slightly over several days. Still, this
report remains the only one today to address the issue of catalyst
efficiency in relation to catalyst drowning due to formic acid
accumulation.

Last year Olah et al. observed a different group of Ru carbonyl
complexes whilst investigating the behavior of RuCl; in an
aqueous formic acid solution.** After the addition of NaCOOH,
the formation of H, and CO, was observed at a TOF of 275 h™!
at 100 °C with a considerable amount of CO (0.21%) as the
byproduct. A tetranuclear ruthenium complex [Ruy(CO);,Hy]
consisting of a distorted tetrahedral metal core was identified as
the active catalyst species, indicating that the Ru species react
with CO from FA decarbonylation to form the catalyst. When
the reaction was carried out using an HCOOH-NaCOOH
mixture in DMF instead of water, the activity increased
substantially (TOF of 1470 h—! at 107 °C). This was explained by
the improved solubility of [Ruy(CO);,Hy]. However, recycling
experiments showed a substantial deactivation after the first run.
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For all formic acid decomposition processes taking place in a
liquid solvent-acid mixture, contamination of the generated
hydrogen with CO, and traces of solvent vapor greatly compli-
cates their commercial industrial application. High CO, contents
can cause a dramatically decreased fuel cell efficiency and
increase hydrogen losses via necessary purge streams. Solvent
traces, while not necessarily harmful to the fuel cell catalyst,
constitute losses from the reaction mixture and have to be
replaced to maintain constant reaction conditions. Also, most of
the organic solvents used in the catalyst studies described here are
subject to emission regulations and will require an additional off-
gas cleaning step. A promising approach to avoid solvent evap-
oration altogether is based on the use of ionic liquids (ILs) as the
reaction medium, as their negligible vapor pressure effectively
suppresses product contamination. Defined as organic liquid
electrolytes with a melting point below 100 °C they offer the
possibility of tuning the polarity, solubility and functionality
according to the system requirements. For example, certain ILs
exhibit high solubility for CO, — a feature highly relevant for the
H, production from FA, as it could be used as a first step in gas
separation, i.e. pure H, production. In a first attempt, Deng et al.
tested the activity of a commercial Ru-based catalyst, [{RuCl,-
(p-cymene)},], in a number of amine-group-functionalized ILs.**
TOF values up to 627 h~" at 40 °C were reached for a mixture of
iPr,NEMimCl and HCOONa. However, a percentage of FA
equivalent to the amount of IL remained in the reactor and the
catalyst was fully deactivated after a first run to maximum FA
conversion. Almost at the same time, Scholten and co-workers
found that the same catalyst, [{RuCly(p-cymene)},], in [Et,NE-
Mim]Cl was highly active in the decomposition of FA, yielding
TOFs of up to 1540 h™' at 80 °C without the addition of
formate.*® Interestingly enough, Deng and co-workers had dis-
carded that particular catalyst-IL combination in their study as
non-active. However, no explanation is given for this discrep-
ancy. In a different approach, Nakahara and co-workers sug-
gested the reversible storage of hydrogen as formic acid in 1,3-
dipropyl-2-methylimidazolium formate using (RuCl,(PPhs),).**
The authors found that due to a stabilizing effect of the IL on
dissolved FA, the equilibrium of reaction 1 (Scheme 1) can be
shifted down to increase FA concentrations by CO, and H,
pressure alone at temperatures already as low as 40 °C.

Recently, Wasserscheid and co-workers reported the success-
ful decomposition of FA in ILs based on 1-ethyl-3-methyl-
imidazolium ([EMIM] and 1-ethyl-2,3-dimethylimidazolium
((EMMIM)) as cations in combination with various anions, using
RuCls as the catalyst precursor.*> They found that the catalytic
activity and selectivity as well as its stability are strongly influ-
enced by the nature of both the anion and the cation. Results of
the initial screening experiments at 80 °C ranged from only 25.8%
FA conversion and 70% selectivity towards CO for [EMIM][PF]
to 91.1% conversion without any CO formation for [EMMIM]
[OAc] (Fig. 1). During reuse experiments, the latter proved to be
not only stable but exhibited an increase in activity to a stable 280
h~! after three recycles. This activity change was ascribed to an
induction period during which the Ru(i) catalyst precursor is
reduced to the Ru(ir) active catalyst species, as we have already
suggested for our catalyst system.

Beller et al. ***7 in cooperation with our group investigated the
feasibility of a formate/bicarbonate cycle as reversible hydrogen

40 4

pressure [bar]

10 T T T T 1
0 10 20 30 40 50
time [h]

Fig. 1 Pressure/time profiles for the decomposition of formic acid in
ionic liquid RuCl/[EMMIM][OACc] system as catalyst precursor. Cata-
lyst formation and stabilization during 9 recycling runs (2.1-2.10) at
80 °C. Reproduced from ref. 45 with permission. Copyright Royal
Society of Chemistry 2011.

storage system, creating a closed carbon cycle with CO, reuse
during hydrogen uptake. Both hydrogen release and uptake of
various carbonates, bicarbonates and hydroxides with their
corresponding formates were investigated using [{RuCl,(ben-
zene)},] as the catalyst precursor in the presence of 1,2-bis(di-
phenylphosphino)methane (dppm) in water/DMF (5 : 1). Only
the system NaHCO;/HCOONa was found to give excellent
activity and good formate/carbonate yields at moderate
temperatures (40-60 °C) and 8 MPa of H,. In a proof of principle
experiment the reuse of the Ru catalyst in a full hydrogenation/
decomposition cycle experiment was tested with both NaHCO;
and HCOONa as the starting material. In both cases the catalyst
remained active during the second step but the target product
yield dropped considerably.

Taking the concept one step further, Jod and co-workers*® in
cooperation with our group studied a truly rechargeable
hydrogen storage and delivery system based on the carbonate/
formate cycle. The equilibrium shift of the reaction HCOO~ +
H,O = HCO;~ + H; was achieved by repeatedly changing the
hydrogen partial pressure between 10 MPa and ambient in a
closed reaction vessel containing an aqueous solution of
HCO;Na and [{RuCl-mTPPMS),},] (mTPPMS = sodium
diphenylphosphinobenzene-3-sulfonate). Formate formation
and hydrogen uptake at high pressure and carbonate formation
under hydrogen release at low pressure were observed using '*C
NMR analysis to track the molar distribution between formate
and bicarbonate species (Fig. 2). The process turned out to be
highly selective and fully reversible, albeit relatively slow. The
formate decomposition in particular slowed down to around 40—
50% conversion, so approximately half the nominal hydrogen
storage capacity was accessible.

Recently, Beller and co-workers reported the successful
decomposition of formic acid by different Fe based organome-
tallic catalysts when irradiated with visible light.** The initial
Fe3(CO);, precursor with 6,6”-(phenyl)-2,2':6,2”-terpyridine and
PPh; as ligands exhibited an initial TOF of 200 h™' at 60 °C
without any CO in the product. However, dissociation of CO

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 Hydrogen generation and storage using an aqueous formate/
bicarbonate solution: relative amounts of formate and bicarbonate
during multiple charge-discharge H, pressure cycles. (a) hydrogen
storage at 100 bar, (b) hydrogen release at 1 bar. Reproduced from ref. 48
with permission. Copyright Wiley-VCH 2011.

leads to a quick deactivation of the catalytic system. In a follow-
up study, the effect of different phosphine ligands was investi-
gated by successively replacing PPh;.>® Two benzyl-substituted
phosphines, benzyldiphenylphosphine (PPh,Bn) and tribenzyl-
phosphine (PBn;) significantly improved the activity (two-fold)
and stability (TON of 1266) of the original system. This effect
was ascribed to an ortho-metalation of the Fe-PBnjz complex.
Based on this preliminary work, highly active Fe catalysts
capable of decomposing formic acid were developed by Beller
and our group very recently.> A range of organic iron and iron
hydride catalyst precursors, including [Fe(BF),),]-6H,0,
[FeH(PP3)|BF,, [FeH(H,)(PP3)]BF,4, [FeH(H,)(PP;)]BPh, and
[FeCl(PP;)|BF,, were investigated using tris[2-diphenylphos-
phino) ethyl]phosphine (PP;) as the phosphine ligand in
propylene carbonate as the solvent (Fig. 3). Except for
[FeCl(PP;)|BF,, excellent activities were observed for all the
systems, with a maximum TOF of 1942 h~! after 3 h at 40 °C
using [Fe(BF),),]-6H,O with an equivalent of 2PP3. Using this
catalyst with 4 equiv. of PP; in a continuous hydrogen
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Fig. 3 Continuous formic acid decomposition at 80 °C over homoge-
neous Fe(BF,),-6H,0 in propylene carbonate. Reproduced from ref. 51
with permission. Copyright AAAS 2011.

production experiment at 80 °C, a stable catalyst activity of
5390 h~' was observed over a period of 16 h. CO concentrations
did not exceed 20 ppm.

Based on high pressure in situ '*C and *'"P NMR spectroscopy
and density functional theory calculations the authors propose a
reaction mechanism with two competing catalyst cycles with
[FeH(PP;)]" as the common starting complex. It is interesting to
note that under isochoric reaction conditions, i.e. an increase of
reaction pressure and dissolved product concentration with
reaction time and formic acid conversion, a significant change in
the catalyst activity is observed. Variation of H, and CO, partial
pressure showed a strong sensitivity of the catalyst activity
specifically to the H, partial pressure: changing the initial
hydrogen pressure from 0 to a moderate 2 MPa resulted in a drop
of the TON by ~60%. In contrast, the CO, pressure did not have
any influence on the catalytic activity.

Formic acid decomposition using heterogeneous catalysts

The decomposition of formic acid in the presence of a hetero-
geneous catalyst is a well-established research subject dating
back to the 1930s. However, none of the early work focused on
the optimization of hydrogen production, so reaction tempera-
tures were generally high (>100 °C) and CO formation was rarely
measured in detail. Enthaler et al reported a very informative
summary of these early research efforts in their excellent review.*
In recent years, the rising interest in formic acid as a hydrogen
storage material resulted in an increasing amount of dedicated
research. Various catalyst screenings of mono- and bimetallic
systems have been reported, focusing on low-temperature
activity and H, selectivity — the main factors in competition with
homogeneous systems (Table 2).

Generally however, reaction temperatures are still consider-
ably higher and elevated CO concentrations are observed. Direct
decarbonylation of FA and the catalysts’ activity for the reverse
water gas shift (rWGS) reaction (see Scheme 1) at these
temperatures are generally suggested as CO sources.

Recent studies of monometallic noble metal nanoparticles on
various support materials yielded some promising catalytic
systems. However, the selectivity under (water-free) decomposi-
tion conditions is generally not sufficient for fuel cell applications
and temperatures close to or above 100 °C are required to ach-
ieve the relevant catalytic activities. Ojeda and Iglesia>® recently
reported that finely dispersed gold nanoparticles supported on
Al,O3, unlike bulk metallic gold,*® can exhibit considerable FA
decomposition activity, producing virtually CO-free hydrogen.
They conclude that the active metal sites are not situated on
TEM-visible metal particles but rather on much smaller Au
domains (e.g. isolated Au atoms). These findings were in part
confirmed by Ross ef al in a detailed study of gas phase FA
decomposition over commercial Pd/C, Au/TiO, and Au/C at
various metal loadings.>* All catalysts showed promising activity
(TOF of 255 h~! for 1% Pd/C at 373 K), but here considerable
amounts of CO were observed under all reaction conditions.
Solymosi and co-workers investigated the decomposition of FA
over a range of monometallic noble metal catalysts (Ir, Pd, Pt,
Ru and Rh) supported on high specific surface area (SSA) acti-
vated carbon (AC) at elevated temperatures (350-750 K).3* Only
the Ir based systems yielded high activity at 373 K and high H,

8176 | Energy Environ. Sci., 2012, 5, 8171-8181

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2ee21928j

View Online

Table 2 Heterogeneous catalysts for the decomposition of formic acid

Active phase/support Solvent/medium Performance Temp. Ref.
0.61% Au/Al,O4 He/gas phase TOF = 25600 h~!, ~10 ppm CO 353K 52
20 wt% PdAu/C-CeO, Aqueous TOF = 832 h™!, <140 ppm CO 375K 58
1% Pd/C He/gas phase TOF =255h7", Sgp = 99% 373K 54
Mo,C/C Ar/gas phase TOF =437 h™!, Sg» = 95-98% 423 K 68
PdAu@Au/C (core—shell) Aqueous 30 ppm CO 356 K 64
5% Au/CeO, Ar/gas phase TOF =295 h™', Sy = 100% 473 K 56
Ir/C Ar/gas phase TOF =960 h™!, S = 99% 373 K 55
Ag@Pd/C (core—shell) Aqueous TOF = 125 h™', Syp = 100% 293 K 65
TOF = 626 h~!, 84 ppm CO 363K
Pd-S-SiO, Aqueous TOF = 803 h™!, Sy = 100% 358 K 67
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“ Incomplete FA conversion.

selectivity (>99%), while notably, the activity and selectivity over
Pd was poor. Again, only the addition of water and a consider-
able temperature increase (473 K) suppressed CO formation over
Ir to the levels appropriate for fuel cell applications. A later study
by the same group investigating 1% Au on different support
materials (SiO,, CeO, and AC) did not show any fundamentally
different catalytic performance than the noble metal systems
studied earlier.*® Even higher temperatures (>500 K) were needed
to reach full FA conversion, leading to the formation of
considerable amounts of CO. In a mechanistic study of a Pd(111)
catalyst, Vohs and Jeroro®” observed a substantial promoting
effect of Zn oxide on the FA dehydrogenation selectivity.
Unfortunately, no indication of its behavior under realistic
reaction conditions is given.

The addition of a secondary metal is a well-known means to
alter, amongst other things, the electronic properties of the active
phase, its adsorption behavior and the metal dispersion/particle
size. Xing and co-workers showed that the introduction of
certain copper group metals has a marked effect on the stability
of highly dispersed Pd-nanoparticles in aqueous media.*® While
Pd/C quickly deactivated, Pd-Au/C and Pd-Ag/C with particle
sizes of ~3.5 nm (Pd—Au) and 8 nm (Pd-Ag) produced lower CO
contamination (a maximum of 80 ppm CO) at a moderate
temperature of 92 °C. The equally moderate activity (initial TOF
of 27 h~! for Pd-Au/C) increased dramatically when CeO, was
introduced as the catalyst promoter.

A maximum TOF of 227 h~' was reported at 92 °C, increasing
to 832 h™'at 102 °C, for the Pd-Au/C-CeO, system (10 wt% Pd,
50 wt% CeO,, npq : nay = 1:1). This increase in activity was
assigned to a change in the electronic properties of the active Pd
alloy phase. The metal dispersion was found to be affected, but
not a key factor for activity. During a continuous stability test,
the Pd-Ag catalyst without the CeO, promoter showed no signs
of deactivation over a period of 240 h on stream. The role of
CeQO, in the decomposition of formic acid had previously been
investigated by other researchers.**® In a follow up study, Xing
et al. reported a marked effect of rare earth promoters on the
activity of their Pd—Au/C catalyst systems (Fig. 4).°' Recently,
Xu and co-workers studied the performance of a number of
mono- and bimetallic nanoparticles immobilized inside metal
organic frameworks (MOFs) as FA decomposition catalysts.®*
Of all the catalysts tested, only Au-Pd/MOF (20.4 wt% metal
loading, Au : Pd = 2.46) showed promising FA decomposition
activity at moderate reaction temperatures (average TOF of

125 h~"at 90 °C). The catalyst is stable over four reaction cycles,
but no detailed measurements of low level CO were done.

An interesting trimetallic system consisting of Pt, Ru and Bi
oxide was investigated by Chan et al.%®* The Bi-oxide does not act
as catalyst support, but is co-impregnated on an activated carbon
carrier. This system already showed some FA decomposition
activity at ambient temperature and showed a reported TOF of
312 h~' at 80 °C (based on Pt and Ru surface atoms) in aqueous
solution, without the formation of CO. Interestingly, Pt-Ru
without the Bi oxide did not show any activity for FA dehy-
drogenation even at high temperatures.

As an alternative to metal alloys, the promotion of the active
phase in a core-shell type particle geometry is a fairly new
technology. In an initial study, PdAu@Au core-shell nano-
particles supported on activated carbon were tested in the liquid
phase decomposition of formic acid (Fig. 5).%

Both the activity and stability improved considerably
compared to the monometallic Au/C and Pd/C catalysts tested
in the same study. Unfortunately, no specific activity data is
given. A continuous stability test at the same temperature
showed no deactivation of the core—shell catalyst and a stable
CO content of 34 ppm after 30 h on stream. Very recently,
Tsang and co-workers reported a systematic study of M-Pd
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Fig. 4 Formic acid decomposition over different heterogeneous Pd alloy

catalysts on a carbon support —effect of CeO, promotion. Reproduced from

ref. 58 with permission. Copyright The Royal Society of Chemistry 2008.
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Fig. 5 Formic acid decomposition over heterogeneous Pd—Au catalysts
— Synergetic effect of a core-shell particle geometry as compared to
monometallic catalysts. Reproduced from ref. 64 with permission.
Copyright American Chemical Society 2010.

core-shell nanoparticles (M = Ru, Rh, Pt, Ag, Au) comparing
their performance to monometallic colloidal nanoparticles in
D,0. The high activity of monometallic Pd as an FA decom-
position catalyst was confirmed and correlated with the intrinsic
electronic properties of the metallic particles. Modifying the
electronic properties of the Pd surface by introducing a
secondary metal proved most successful for Ag-Pd (1 : 1) core—
shell nanoparticles. As compared to monometallic Pd, the TOF
increased almost 6-fold at 293 K (125 h™') to a maximum of
626 h™' at 363 K.*° Only at high temperatures was a moderate
CO concentration of 84 ppm observed. After immobilization on
high SSA AC and surfactant removal, the resulting Ag@Pd/C
catalyst showed a further increase in the FA decomposition
activity (196 h~' at 293 K) without any deterioration of the H,
selectivity.

As opposed to deposited metal nanoparticles, the immobili-
zation of high performance homogeneous catalysts holds the
promise of an easy way to combine excellent catalytic perfor-
mance at low temperatures with the improved catalyst handling
and reusability of heterogeneous systems. In our group, efforts
in this direction were made to immobilize our highly active Ru-
mTPPTS catalyst® via ion exchange, polymer immobilization
and physical adsorption on various supports.®® High initial
activity was observed in all cases, followed by severe deactiva-
tion. Recently, Guo and co-workers investigated the decom-
position of formic acid over single-atom Pd and Ru on
functionalized SiO, supports in an aqueous HCOOH-
HCOONa solution.*” A mercapto-functionalized Pd-S-SiO,
gave a stable TOF of 803 h™' at 85 °C after multiple catalyst
recycles. It is interesting to note that support functionalisation
with PPh; or TPPTS, both common ligands in high perfor-
mance homogeneous systems, resulted in only mediocre cata-
lytic performance.

The only competitive alternative to noble metal catalysts, i.e.
with similar activity and H, selectivity so far remains molyb-
denum carbide. Solymosi and co-workers investigated Mo,C

supported on carbon nanotubes (CNT) and high SSA AC at
reaction temperatures between 350 and 750 K for both the
decomposition and steam reforming of FA.® The most prom-
ising catalytic performance was observed for the AC-supported
catalysts. 1% Mo,C on AC gave full FA conversion at 423 K
(TOF of 437 h™', based on bulk Mo,C as the active phase), with
H, selectivities between 95 and 98%. Similar to the noble metal
systems investigated by the same group, the addition of water
effectively suppressed the formation of CO over this catalyst,
probably due to a shift in the WGS equilibrium towards H,/
CO,. Interestingly, the same active phase supported on SiO,
gave low decomposition activity and H, selectivity (<70%). A
mechanistic study of FA decomposition on unsupported
Mo(110) and C-Mo(110) surfaces® observed an increase of H,
selectivity by as much as 1500% in the presence of carbidic
carbon. This effect is assigned to the blocking of active sites
responsible for FA dehydration and a decreased activation
energy for direct gas-phase dehydrogenation. Recently, a Cu,O
photocatalyst was shown to selectively decompose an aqueous
formic acid solution into CO,/H, in the presence of visible
light.”

Several metal oxides (TiO,, V5,03, Cr,O3;, MnO) have been
known to be active FA decomposition catalysts.”* Recent studies
include V-Ti-O* as well as the photocatalytic decomposition
over Fe" (photo-Fenton reaction with H,0,),”*” pure TiO, in
water’”>”” and in the gas phase,” as well as alkaline earth tita-
nates in water.” However, these studies are primarily concerned
with the removal of dilute formic acid from wastewater or off-gas
streams, and H selectivities are generally low or not investigated
at all.

An interesting, albeit less studied, alternative to the thermal
decomposition of FA over heterogeneous catalysts is the elec-
trochemical H, generation by FA electrolysis at electrocatalysts.
The process was first studied by Aldous and Compton, using
different Pt and Pt/carbon electrode arrangements in aqueous
FA solutions and a eutectic mixture of FA and [NH4][HCOQ].%°
Only the latter approach led to the successful electrolysis of
formic acid and the production of hydrogen. Later, the
successful electrolysis of FA in aqueous NaOH solution was
reported, using bulk Pt foil electrodes.®® However, current
densities were still low (<8 mA cm™2). This year Coutanceau
and co-workers investigated the effect of catalyst composition
on the performance of a proton exchange membrane electrolysis
cell in the decomposition of FA.# Several Pd/Au and Pd/Pt
alloys of varying composition supported on carbon were tested
and compared to a basic Pd/C catalyst. While the Pt free
catalyst showed promising initial activity and overpotential (100
mA cm 2 and 0.2-0.4 V resp.), it proved susceptible to CO
poisoning and deactivation. In general it has to be said that this
approach suffers from a number of inherent drawbacks that
cannot be overcome by a breakthrough in catalyst research. For
one, replacing heat with an electrical potential as the driving
force seems much less favorable energetically, considering that
low- or no-value heat (50-140 °C) is replaced by pure energy
with its own long line of losses on its way to the electrolysis cell.
Also, even though the electrolysis of FA might be more efficient
than that of water — a fact pointed out in all the studies dis-
cussed above — the latter is considered a viable source of H, only
because of the general availability.
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Technological approaches and challenges

In 2010, Enthaler and co-workers stated that comparing the FA
based fuel cell power of ~47 mW achieved by Beller and co-
workers “to the energy demand of an incandescent lamp (60 W),
the long distance is apparent for reaching a general application”
of formic acid based energy sources.* As a similar proof of
principle experiment based on a heterogeneous catalyst®' marks
the state of application-related research today, this evaluation of
the state of research in general still holds true. With the exception
of the control concept developed by Majewski et al.,** research
activities are still fully focused on catalyst optimization on the
level of active phase composition. This almost total absence of
engineering research is even more baffling when the general claim
of FA as an ideal fuel for compact mobile applications is put up
against pressing questions such as accumulation of residual
water, solvent entrainment in the product gas, optimization of
catalyst bed structure or an efficient reactor heating concept. To
identify the main technological obstacles on the way to an effi-
cient use of FA as a hydrogen source and storage material, a
hydrogen generator based on the decomposition of FA over a
homogeneous Ru(ir) catalyst was designed and built in our lab.
While the general concept was published earlier,®® the project is
still a work in progress, so detailed results will be published at a
later date. The hydrogen generator successfully met the target
power output of 1 kW, or roughly 30 L min~' of H,/CO,
assuming 50% fuel cell efficiency (Fig. 6).

The product flow rate is controlled using a standard mass flow
controller, while the reaction pressure is maintained by a
controlled formic acid feed flow. The free reactor volume is used
as a buffer in case of rapid changes in the product flow rate set
point. Therefore the system was designed around a 5 L reaction
vessel with electrical surface heating elements, containing 11.8 g
of RuCl;-3H,0 (0.045 mole) and 51.2 g Na;TPPTS (0.090 mole)
catalystin 1.5 L aqueous HCOONa solution (1 M). The resulting
free reactor volume also serves for gas-liquid separation and
effectively prevents foam or spray from reaching the product gas
outlet. To minimize water vapour entrainment in the product
gas, the system also comprises a product gas cooler with
condensate separator/recycle. As the control concept does not
comprise the measurement of pH or formic acid concentration in
the catalyst solution, the reaction has to run at a large catalyst
excess for reasons of process safety. This setup has been used
safely for over one year without the need to exchange or replenish
the catalyst solution.

Fig.6 A hydrogen generator designed and built in our laboratories for a
power output of 1 kW, (30 L min~" of H,/CO,) (1) Formic acid tank; (2)
pump; (3) tube in tube heat exchanger; (4) reactor; (5) heat exchanger; (6
and 7) condensate separators; (8) mass flow controller.

Concerning the use of heterogeneous catalysts for the
decomposition of FA, it is clear that the development of a suit-
able heterogeneous catalyst bed with optimized heat and mass
transfer characteristics, taking into account the particular
multiphase flow pattern and the slightly endothermic nature of
the process will require further research. However, an approach
from the technological and engineering side raises a different
quite fundamental question: we feel that a clear justification for
the use of heterogeneous catalytic systems in FA based hydrogen
generation — at least in the way it has been approached so far —
has been strangely neglected. Usually, heterogencous catalysts
are employed in processes where catalyst separation from the
(liquid) product mixture is a prerequisite for its reuse and/or
where harsh reaction conditions rule out less robust homoge-
neous alternatives. On close inspection, none of these factors
apply to the decomposition of formic acid. In fact, its main
advantage over other liquid hydrogen carriers is specifically the
high hydrogen production rates at near ambient temperature,
while the catalyst/product gas separation is particularly easy. On
the other hand, multi-phase systems using heterogeneous cata-
lysts are notorious for their complex heat and mass transfer
requirements, putting a whole new set of development issues on
the table. In view of these considerations the use of heteroge-
neous catalysts can only be justified where diluted FA is used as
the feedstock and the solvent needs to be continuously evacuated
from the reactor. However, this constraint with its impact on
experimental conditions has not necessarily found its way into
today’s catalyst research.

Conclusions

It has been some time now since formic acid was identified as one
of the most promising materials for hydrogen storage. It can even
be considered a superior alternative to methanol, since under
ambient conditions it is a liquid with low toxicity, having a flash
point well above room temperature and a hydrogen content of
4.4 wt%. Furthermore, the simplicity and elegance of the
combination of formic acid and H,/CO, as a reversible hydrogen
storage system certainly sounds appealing, since the hydroge-
nation of CO,/HCO;~ over homogeneous catalysts has been
achieved with excellent activities. Recent advances in catalyst
development have opened up the opportunity to fully exploit
these advantages using either homogeneous or heterogeneous
catalysts: there are today a number of highly active and robust
homogeneous catalysts described and investigated in the litera-
ture that selectively decompose formic acid to H, and CO, close
to room temperature.

Concerning heterogeneous FA decomposition catalysts, the
situation is similar to homogeneous systems. While the activity
and Hj selectivity have not yet reached the level of homogeneous
systems, and most heterogeneous systems investigated still suffer
from a more or less pronounced decarbonylation activity, this
gap is closing. In particular, the recent application of state-of-
the-art nanoparticle synthesis methods has led to a range of high
performance catalysts such as core-shell combinations of Pd and
Au, yielding high quality H, with low CO content.

A first successful hydrogen production from FA on the scale of
1 kW, was realized in our lab. However, this attempt also
demonstrates the large potential for optimization entailed in
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reactor scale up. To take only two examples, electrical heating
and water cooled condensate traps are fine solutions for
stationary lab applications but different/autonomous solutions
have to be used for mobile applications in the “real world”, e.g.
catalytic H, or FA combustion as the heat source and a radiator-
type gas cooler.
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