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Abstract: H2 production via dehydrogenation of formic acid (HCOOH, FA), sodium formate
(HCOONa, SF), or their mixtures, at near-ambient conditions, T < 100 ◦C, P = 1 bar, is intensively
pursued, in the context of the most economically and environmentally eligible technologies. Herein we
discuss molecular catalysts (ML), consisting of a metal center (M, e.g., Ru, Ir, Fe, Co) and an appropriate
ligand (L), which exemplify highly efficient Turnover Numbers (TONs) and Turnover Frequencies
(TOFs) in H2 production from FA/SF. Typically, many of these ML catalysts require the presence of
a cofactor that promotes their optimal cycling. Thus, we distinguish the concept of such cofactors in
additives vs. co-catalysts: When used at high concentrations, that is stoichiometric amounts vs. the
substrate (HCOONa, SF), the cofactors are sacrificial additives. In contrast, co-catalysts are used at
much lower concentrations, that is at stoichiometric amount vs. the catalyst. The first part of the
present review article discusses the mechanistic key steps and key controversies in the literature,
taking into account theoretical modeling data. Then, in the second part, the role of additives and
co-catalysts as well as the role of the solvent and the eventual inhibitory role of H2O are discussed
in connection to the main mechanistic steps. For completeness, photons used as activators of ML
catalysts are also discussed in the context of co-catalysts. In the third part, we discuss examples of
promising hybrid nanocatalysts, consisting of a molecular catalyst ML attached on the surface of
a nanoparticle. In the same context, we discuss nanoparticulate co-catalysts and hybrid co-catalysts,
consisting of catalyst attached on the surface of a nanoparticle, and their role in the performance of
molecular catalysts ML.

Keywords: formic; formate; hybrid; functionalization; hydrogen; co-catalyst; additive; amine;
molecular catalyst; nanocatalyst; nano co-catalyst

1. Introduction

The constantly increasing energy demand has more than doubled within the past 30 years, thus
the present energy demand (~15 TW) (TW = 1012 watts) is estimated to approach 30 TW at 2050 [1].
Today, the global energy consumption is covered mainly by fossil fuels (81%), 19% of which are used
for transportation [2]. This wide use of fossil fuels—and the ensuing CO2 emission—constitute one of
the major environmental problems [3]. In the quest for clean and renewable technologies, hydrogen is
considered as one of the few long-term sustainable clean energy carriers, since, when used in fuel-cells,
water is the only by-product [4]. H2 can be used as an energy carrier because its energy density
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(143 kJ kg−1) is ~2.6 higher vs. gasoline [5]. It is noticed that hydrogen should be viewed as an energy
carrier—rather than a fuel—since a primary energy source is necessary for H2 generation [6]. In this
context, a ‘cyclic-economy’ concept for 100% renewable hydrogen production can be divided in two
main processes: (i) CO2 hydrogenation to produce hydrocarbon fuels and (ii) hydrogen generation via
dehydrogenation of a hydrocarbon substrate. Currently, 96% of hydrogen generation is based on fossil
fuels i.e., 48% from natural gas, 30% from refinery and chemical off-gases, and 18% from coal [5].

In nature, transition metal-based hydrogenases efficiently catalyze H2 production [7], thus nature
may provide inspiration to design new efficient energy technologies. Among these, photoelectrochemical
and photocatalytic are the most promising technologies capable of providing clean energy without
pollutants and by-products [8]. On the other hand, catalytic H2 production from organic molecules is
a promising approach. Ammonia [9], methanol, ethanol [10], liquid hydrocarbons, and water [11] can
be used as substrates. The chemical reactions may involve decomposition, steam reforming, partial
oxidation, electrolysis, and gasification [12]. Among these C1 sources of H2, formic acid (HCOOH, FA)
is especially attractive [13,14] since it is a major by-product of biomass processing (formally an adduct
of H2 and CO2), thus it has attracted considerable attention as a suitable liquid source for H2 and as
a potential H2-storage material e.g., via a CO2 hydrogenation reaction [15].

FA can be decomposed to H2 and CO2 via dehydrogenation reaction (1).

HCOOH(l)→ H2(g) + CO2(g) (∆G = −32.9 kJ/mol) (1)

However, dehydration reaction can take place

HCOOH(l)→ CO(g) + H2O(l) (∆G = −12.4 kJ/mol) (2)

The CO produced in reaction (2) is a fatal poison for catalysts and fuel cells, thus a key prerequisite
for the design of any FA-to-H2 catalyst is to suppress reaction (2). So far, all literary data indicate that
the CO-path has low yield in molecular catalysts operating at near ambient condition [16]. Recently,
Beller et al. [16] exemplified a unique Pd-L complex able to produce CO at high selectivity. On the
other hand, nanoparticulate catalysts can switch between the CO2 and CO paths depending on the
reaction-conditions detail. For example, the cis- vs. trans-coordination of HCOOH on the particle may
trigger one or the other paths [16–18]. Herein we focus on molecular catalysts therefore the issue of
CO-path is not further discussed.

Currently, technologies for catalytic transformations of FA to H2/CO2 may be classified according
(i) to the metal-catalyst used i.e., noble metals vs. non-noble metals, and (ii) the operational conditions
employed i.e., solvent type, temperature, pressure.

The use of noble metal catalysts (i.e., for example Pt, Rh, Pd) [19] has historically pioneered
the field of FA dehydrogenation, achieving high performances in terms of TONs, and selectivity.
Pertinent cases are discussed in Section 2.1 hereafter. Despite the good performance of noble-metal
catalysts, cost and low-abundance issues entailed the need for development of efficient non-noble
metal catalysts, which has been intensively pursued during the last decades. Hereafter, in Section 2.2,
representative cases for non-noble metal catalysts are discussed in a timeline context. The two classes
of catalysts, noble/non-noble metal, are considered within a common mechanistic context, discussed in
Sections 2.3 and 2.4. The common mechanistic base of metal complexes and metal–particles are also
considered herein. The role of bases and the conceptual difference of the ‘additive’ (homogeneous) vs.
a ‘co-catalyst’ (heterogeneous) is discussed in Section 2.5.

Regarding the operational catalytic conditions, a key challenge is to achieve high H2 production
rates from FA, at near-ambient conditions i.e., P~1 bar and T < 90 ◦C, in green solvents, ideally water.

So far, catalytic H2 production under these constrains, has been shown to be achievable by
several types of homogeneous metal complex catalysts [19–21] or noble metal nanoparticles (NPs) [20].
However, the inherent limitations in separation and reusability of the homogeneous catalysts led
researchers to explore the possibility to develop heterogeneous catalytic systems.
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The catalytic H2 generation from homogeneous metal complexes has been reviewed by Wills
et al. [10] with focus on the type of substrate, by Singh et al. [21] with focus on FA as energy carrier, and
recently by Sordakis et al. [19], Onishi et al. [22], and Filonenko et al. [23], comprehensively reviewing
the type of metal complex, substrate used, and the reaction conditions and the reversibility of the
procedure. Recently, Inglesias and Oro reviewed the homogenous FA dehydrogenation [24]. In our
recent works, we have shown that attaching the co-catalyst on a solid matrix i.e., such as SiO2-particles,
provides definitive advantages, boosting H2 production [25]. Herein, the concept of heterogenized
co-catalysts, i.e., derived using covalently attached organic base functionalities, aiming to replace
the huge amounts of liquid base typically required so far in this process, is exemplified. From the
experimental point of view, the use of heterogenized catalyst or heterogenized co-catalyst [26] allowed
a discrete study and understanding of the catalyst/co-catalyst synergy.

The present review focuses on the role of additives and co-catalysts’ mechanistic aspects and
experimental limitations in catalytic H2 generation from FA/SF by metal complexes in homogeneous
and heterogeneous systems. Herein the term ‘heterogeneous’ is used to describe two cases: (a) The
metal complex is attached on a solid matrix and the co-catalyst is in the homogeneous phase, or (b) the
co-catalyst is attached on a solid matrix and the metal complex is in the homogeneous phase. Herein,
a unified mechanistic reaction view concerning the role of hydride as key factor is discussed in the
context of experimental limitations and the intriguing role of co-catalysts.

The catalytic H2 generation by noble metal nanoparticles is a vast topic [26,27]. Noble-metal
NPs are highlighted herein, however only to the extent where it pertains to a comprehension of the
mechanistic aspects and the common basis of metal-complexes and metal-nanoparticles. An interesting
concept i.e., between nanoparticles and the metal complexes, can be considered the case of ‘single-atom’
catalytic sites on nanoparticles. This is a new emerging approach. Recently, FA dehydrogenation at high
temperatures i.e., 120–160 K from Pt-Cu single-atom alloys has been studied by Flytzani-Stephanopoulos
et al., reference [18] indicating that single-atom alloys show six times higher reactivity and selectivity
compared with the pure Cu. Photocatalytic H2 production form FA or methanol is comprehensively
discussed in the review of Getoff [28]. Herein, photo-assisted catalytic H2 generation is discussed in
the context of use of light photons as a ‘co-catalyst’, which affects the conformation of the active center
without involvement of redox events. This is distinct from the photocatalytic H2 generation where
light photons provide electrons or protons to the reaction process.

2. Type of Metal Complex-Catalysts

Historically, the choice of metal type i.e., noble vs. non-noble was a matter of strife, since noble
metals (e.g., Ru, Ir, Rh) were the first to provide encouraging results for H2 production at near ambient
reaction conditions; see Figure 1.

However, the thrust for low-cost/earth-abundant non-noble metal catalysts (such as Fe, Ni) acted
as the driving force to develop competitive non-noble metals catalysts for H2-production. Herein,
for the sake of comprehensiveness, we discuss these two families of catalysts in a comparative
manner. In Table 1, we provide a compilation of the most representative cases for non-noble and noble
metal complexes.

2.1. Noble Metal Catalysts

In 1967, Coffey [29] was the first to report that metal complexes with phosphine ligands can
promote dehydrogenation of FA, in acetic acid as solvent. Among the tested complexes, the best
results were obtained with an [IrH3(PPh3)3] complex achieving Turnover Frequencies (TOF) up to
8900 h−1. In the next decades, several types of catalytic systems were reported, reaching reasonable
activities i.e., Turnover Numbers (TONs) over 500. In 1998, Puddephatt et al. [30] used a binuclear
Ru2(µ-CO)(CO)4(µ-DPPM)2 complex, which in acetone, shows TOF = 70 h−1 at RT. Despite these
promising early results, only in 2008 was a catalytic system with significantly improved activities
and stabilities reported by Laurenczy et al. [31]. This was a water-soluble Ru catalytic system
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[Ru(H2O)6](tos)2 (tos = toluene-4-sulfonate), which—in a continuous H2 production setup—achieved
TOFs > 40.000 at T = 120 ◦C. This catalytic system is the first to be used—so far—for scalable application
and according to the authors is currently under development for the first bus using FA as a fuel [31].
A review of hydrogen storage techniques for on-board applications was presented in 2013 by Durbin
and Malardier-Jugroot [32]. All these results are summarized in Table 1.

More recently, a series of Rh(III) or Ir(III) complexes with nitrogen-containing ligands has been
evaluated as catalysts for FA dehydrogenation [33]. The Iridium Cp*Ir(TMBI)H2O]SO4 was used for
FA dehydrogenation in aqueous solutions at near ambient temperatures achieved TOFs = 34,000 h−1.
Another Ir complex [Ir(COD)(NP)](tfO), was studied by Williams and co-workers [33], which was able
to perform FA dehydrogenation under continuous operation conditions achieving TOFs of 2,160,000
within 2880 hours. More recently, a [Cp*Ir(1,2-diaminocyclohexane)Cl]Cl catalyst achieved TOFs
= 3278 h−1 at 90 ◦C while in the same work it was reported that the homologous Rh(III) catalyst
Cp*Rh(bis-NHC)Cl]Na shows a significantly lower efficiency i.e., because of the lower stability of the
Rh complex [34]. In 2019, Himeda et al. [35] presented a highly stable and effective Ir-based catalytic
complex for H2 production via FA dehydrogenation under high pressure i.e., 40 MPa. Among the
tested Ir-complexes, the pyridyl-imidazoline ligand showed the higher activity (TOF = 54,700 h−1) and
best stability.

The use of amines to improve the efficiency of the catalytic dehydrogenation reaction of FA was
reported by Gao et al. [36] in 2000 who used ethanolamine to enhance the H2 production efficiency
by a binuclear Ru complex [36]. Then, a detailed study of the co-catalytic effect of amines in catalytic
dehydrogenation of FA was presented by Beller et al., who tested several amines [37]. This work
showed that the [FA/amine] ratio is of critical importance for enhancement of HCOOH dehydrogenation
at near ambient conditions. Another important finding is the possibility of the ligand itself to actively
participate in the catalytic activity of the metal complex, as exemplified by Himeda [38]. In this case,
a water-soluble Ir-complex was shown to involve the protonation/deprotonation of the OH group
of the 4-4′–dihydroxy-2,2′-bipyridine ligand. As a result, a strong pH dependence of the TOFs was
documented i.e., TOF = 2500 h−1 at pH = 2.5 vs. TOFs = 500 h−1 at pH = 4. The effect of pH on the
catalytic dehydrogenation of FA was also reported by Fukuzumi et al. [39].

Overall, the aforementioned works reveal that the efficiency of H2 production from FA by
noble-metal catalysts can be strongly modulated by proton-controlling mechanisms. The mechanism
of amine can be two-fold.

(i) in non-aqueous solvents, amines can be used to boost the FA deprotonation HCOOH→HCOO–,
(ii) in aqueous solutions, the amines can have an effect on the HCOOH→HCOO– equilibrium, but

also on the ligand itself. Thus, in aqueous solutions, the experimental observation is that pH can
control gate the H2 production rate via gating of rate-limiting protonation/deprotonation events.

2.2. Non-Noble Metal Catalysts

So far, as exemplified in Table 1, due to their premium efficiency, noble-metal catalysts have
paved the way for catalytic H2 production at near-ambient T, P. These works allowed the scientific
community to understand the basic mechanistic limits and prerequisites for the design and utilization
of molecular metal catalysts. However, the limited availability and high-cost of the noble metals
urge researchers to develop and utilize catalysts based on low-cost, earth-abundant metals. Catalytic
dehydrogenation reactions by non-noble metals have been reviewed by Filolenko et al. in their recent
review [40] where they present a thorough discussion in catalytic dehydrogenation of amines and
alcohols by 3D transition metal complexes.

Since 2010, Beller and co-workers [41] have presented the first Fe-based catalyst i.e., a Fe(CO)12

complex, bearing nitrogen and phosphine ligands, with a considerable H2 production efficiency. More
precisely, several types of phosphine ligands were evaluated and the inexpensive commercial PPh3 =

tris[(2-diphenylphosphino)ethyl] gives the best results [41]. For example, among the tested systems,
(Fe/PPh3/TPY) (TPY = 2,2:6,2–tetrpyridine) was the most active (see Table 1) showing TON = 1266,
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at 60 ◦C in DMF [41]. Notice that this catalytic system required activation by visible light irradiation
with a 300 W xenon lamp [41]. A catalytic mechanism proposed by the authors [41] assumes that light
is necessary both for the formation of the active species, as well as the progression of the catalysis,
however this is not a photocatalytic system.

Later on, in 2014, Ravasio and co-workers [42] reported that another transition metal i.e., copper,
can provide catalytic complexes, with rather simple ligands, that in FA/amine mixture achieved TOF
= 25 1 and TON = 500. More recently, Beller and Laurentzy [43] achieved a breakthrough in this
field, developing a highly active Fe-catalyst comprising of Fe(BF4)2 as Fe precursor and PPh3 =

tris[(2-diphenylphosphino)ethyl] phosphine as ligand. This Fe/PPh3 catalyst in propylene carbonate
solvent is active under ambient conditions with no need of additional bases or light, affording TOF
= 9425 h−1 at 80 ◦C [43]. In 2013, Milstein et al. [44] reported the first [Fe/pincer] complex for FA
dehydrogenation. The best results were obtained in THF solvent, with the addition of a base [44].
Among the parameters tested was the base concentration, which was found to be crucial i.e., as in the
case for noble-metal catalysts, the amount of base required was high: For example, with use of a ratio of
FA/NEt3 = 2/1 this system achieved TOF = 500 h−1 at 40 ◦C [44]. A rhenium-based pincer-type complex
was synthesized and evaluated for FA dehydrogenation by the same group [45]. The results showed
that the H2 production starts above 175 ◦C [45]. In 2014, groups of Hazari and Schneider demonstrated
another Fe-pincer complex with high activity (TOF = 999 h−1) (see Table 1) and stability in the catalytic
hydrogen production [46]. More recently, Kirchner and Gonsalvi presented new Fe-pincer catalysts [47]
where the effect of additives was studied in detail. In this work, it was shown that amines promote H2

production by dehydrogenation of FA [47].
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Figure 1. Historical timeline of Turnover Frequencies achieved by representative metal complexes used
for formic acid (FA) dehydrogenation, “1967” refers to the work of Coffey [29], “1998” refers to the work
of Puddephatt [30], “2009” refers to the work of Beller [43], “2019 refers to the work of Himeda [35].

As shown tin Table 1, a key observation is that in systems where an additive was used, in all
reported cases, a near stoichiometric amount of amine vs. the substrate is needed. This shows that
the additive e.g., an amine in many cases, is sacrificed during the catalytic process. This poses the
next challenge i.e., to develop highly efficient processes where either no-additive is required, or the
additive can be used in minimal “co-catalytic” amounts. A good premise in this direction provides the
examples of the Fe/PPh3 catalyst in propylene carbonate [43], and the Fe-pincer complex [46].
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Another challenge is the possibility to develop catalysts able to perform FA-dehydrogenation as
well as CO2-hydrogenation. To this front, recently, Hazari and co-workers [48] reported three novel
pincer Fe-isonitrile catalysts, which were active for FA dehydrogenation as well as CO2 hydrogenation,
and achieved TOF = 2100 h−1 for FA dehydrogenation.

These pioneering works provide encouraging data that non-noble-metal based catalysts can be
tuned to perform FA dehydrogenation as well as also CO2 hydrogenation. The term “tuned” implies
that a detailed understanding of the mechanistic aspects and limiting factors have to be understood
and elaborated experimentally in order to proceed to this front. In the following, we discuss the
mechanistic landscape aiming to provide a unified view.

2.3. Outline of the Catalytic Mechanisms

All existing literature data show that the molecular mechanism of FA dehydrogenation does
not involve metal redox reactions (the metal oxidation state stays stable during the catalytic
cycle) [16,43,47,49] This is corroborated by spectroscopic studies i.e., EPR [50], NMR, and Uv-Vis [51]
data, as well as by theoretical quantum chemical modelling studied.

Cycle-I operates with involvement of the initial HCOO– anion plus one formic acid (HCOOH)
molecule, while Cycle-II with involvement of the initial HCOO– anion plus a second formate anion
(HCOO–); both cycles involve β-hydride transfer from substrate (FA or HCOO– anion) to metal.

Accordingly, as we present in Figure 2, the catalytic mechanism can be operationally divided in
three sequential steps:

(i) FA activation i.e., formation of a HCOO– anion. This can be achieved via ionization of HCOONa
in aqueous solvent or by deprotonation of formic acid HCOOH in aprotic solvents, see Figure 2.

(ii) Catalyst activation: This might involve coordination of one HCOO– on the (LM) complex, or
formation of the (LM-H) hydride via LnM/H2 interaction at high H2 pressure.

(iii) Catalytic H2 production. This critical step can be accomplished with two alternative routes,
exemplified as Cycle-I and Cycle-II in Figure 2.
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Figure 2. General catalytic landscape of FA dehydrogenation by metal-complex catalyst in solution.

Cycle-I operates with involvement of the initial HCOO– anion plus one formic acid (HCOOH)
molecule, while Cycle-II with involvement of the initial HCOO– anion plus a second formate anion
(HCOO– ); both cycles involve β-hydride transfer from substrate (FA or HCOO– anion) to metal.

Cycle I: This cycle initiates with the direct reaction of a monohydride (H-ML) complex with
a formic acid molecule towards formation of the (H-ML)-HCOOH transient state. Subsequently,
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a—fast—hydride protonation step takes place [51], refernece [52] with subsequent H2 formation and
liberation. A chelate coordination of the formate anion to metal, followed by hydride generation and
CO2 release, are proposed [52,53] to be the steps that complete the cycle. However, this involves
a rather complex sequence of events, as exemplified by the theoretical work [53] depicted in Figure 3.Energies 2020, 13, x FOR PEER REVIEW 8 of 27 
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adapted from Reference [52]. In Cycle-I, the reaction is rate-limited in transition state 3,4 by the H-H
release from the Fe-center.

At this point we have to notice that, in some cases, for the operation of Cycle-I, the crucial
monohydride (H-ML) complex can be formed via pre-incubation of the catalyst with H2 at high
pressures as shown by Fellay et al. [49]. Actually, this strategy may be considered as a ‘catalyst
activation’ step; see Figure 2. In the absence of such catalyst pre-incubation, ready coordination of
spare amounts of formate anion can initially boost the monohydride (H-ML) formation i.e., functioning
as another type of catalyst activation; see Figure 2. A more comprehensive elaboration on Cycle-I is
discussed hereafter, based on theoretical quantum calculations.

Cycle II: Starting with the activation/deprotonation of FA, the formate anion promotes the formation
of the monohydride (H-ML) complex. The formate anion could be inserted to the catalytic cycle via
its coordination to metal monohydride (H-ML) species towards a (metal)-dihydride formation (see
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Figure 2) via a β-hydride elimination step, and a transiently coordinated O=C=O molecule. Then,
liberation of CO2 and subsequent coordination of a dihydrogen, H-H, molecule generated after the
synergy of a H+ results in gaseous H2 release.

A case study: In 2013, Yang [52] presented a detailed theoretical study for the system
[Fe/(CH2CH2PPh2)3]. Despite the fact that the dielectric/solvent properties are not taken into account
in these calculations, these theoretical data provide useful insights into the mechanism. Detailed
free energy profiles were obtained for the two competitive cycles and confirmed that the β-hydride
elimination is the rate determining step for the catalytic Cycle-I, which operates with FA and total free
energy cost is 20.5 kcal/mol (i.e., 85.8 kJ/mol). The total energetic cost for Cycle-II, which uses formate
anion as substrate, was calculated to be 22.8 kcal/mol or 95.4 kJ/mol, see Figure 4. The theoretical data
presented by this author [52] indicate that Cycle-II is slightly less favorable than Cycle-I. However, one
should take into account that within the limitations of the DFT calculations, the preference of Cycle-I or
Cycle-II might rely on small energy differences, which means that changes in experimental conditions
(different metal, ligands, solvents) may favor either Cycle-I or Cycle-II.
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As shown in Figure 3 for cycle-I, bidentate coordination of a HCOOH molecule is strongly favored
i.e., a stabilization by ∆G = −16.8 kcal/mol (−70.3 kJ/mol) (intermediate 4).

In contrast, the transition state 3,4 i.e., release of H2 from intermediate 3, is unfavored by a barrier
∆G = +0.3 − (−10.4) = +10.7 kcal/mol. Thus, according to these calculations, the release of the
coordinated dihydrogen is the rate-limiting step in Cycle-I.

In Cycle-II, the intramolecular H transfer step (transition state 9,10) is unfavored by a barrier ∆G
= + 16.5 − 3.9 = +13.4 kcal/mol. Here, the rate limiting step is transition state 12,1, i.e., the release of
the coordinated dihydrogen faces an energy barrier ∆G = −2.8 − (−19.2) = +16.4 kcal/mol.

According to these calculations, both Cycle-I and -II are rate limited by the H-H release from the
Fe-center. Cycle-II is more energy demanding i.e., ∆G = +16.4 kcal/mol = 68.6 kJ/mol vs. 56.0 kJ/mole
in Cycle-I.

Thus, it is expected that the H2 production by this system will proceed mainly via Cycle-I [52].
We should underline that, as noticed by Yang [52], the energy cost of the FA deprotonation was not
taken into account in these calculation because of the uncertainty of the dissociation energy of FA,
which may be affected by the ligand, the counter ions in the solution, and the solvent [52]. This
highlights the crucial role of the solvent to be selected in conjunction with the other limitations imposed
by the catalytic system. Analogous theoretical calculations for a similar Fe-complex were performed
by Ahlquist and co-workers [53].

According to this theoretical work [53], the results show that Cycle-II is more favorable i.e., total
energy cost = 86.2 kJ/mol for Cycle-II vs. 128 kJ/mol for Cycle-I; see Figure 5.

The discrepancies between reference [52] and [53] indicate that the small energy differences of
the two cycles and the limited capacity of the computational approaches to incorporate all factors i.e.,
solvent effects, ionization of FA, etc., should be considered in future refinement of theoretical quantum
calculations. Also, currently, the mechanistic discussion is mainly based on theoretical results, therefore
a critical assessment of the boundaries of DFT-methodology is mandatory. In this context, apart from
the sensitivity of the computational complications to solvent effects, traces of H2O, and co-catalysts,
we notice that the ground-state spin multiplicity for the proposed hydride catalyst species in Yangs’
work [52] is different than that used in Ahlquist’s work [53].

Despite the methodological limitations of the theoretical analysis, experimental work [48] provides
evidence that the energy barriers in Cycle-I and Cycle-II are influenced by the experimental parameters
(type of complex, solvent, traces of H2O, FA deprotonation, presence of co-catalysts), which might
decisively affect the contribution of each cycle to the overall H2 production rates. In this context,
we have experimentally demonstrated that silica nanoparticles can act as co-catalyst to the Fe/PPh3

system [54] (see Figure 6) suppressing the energy barrier of the reaction from 77 kJ/mol to 36 kJ/mol [54].
This effect is attributed to the deprotonation of the FA (FA activation) before insertion in the

catalytic cycle via bidentate coordination facilitating hydride formation [54]. This step drives the overall
reaction to operate via Cycle-II. Interestingly, the two different cycles we have recently experimentally
evidenced are for FA dehydrogenation by Pd-nanoparticles [55]. The two proposed cycles differ
in the form of the FA used as substrate—HCOOH vs. HCOO– (see Figure 7) [55]. Accordingly,
as shown in Reference [55], excess of HCOO– anion is required to achieve enhanced H2 production
rates, indicating that Cycle-II is the thermodynamically dominant. Importantly, it has been shown [55]
that deprotonation of HCOOH towards HCOO– can be achieved by adjacent/grafted additives i.e.,
gallic acid, and this boosts the H2 production.

A different possible catalytic cycle for FA dehydrogenation was proposed in a pioneering work of
Himeda et al. [56]; see Figure 8. In this rather non-classical cycle, the rate-limiting step is the β-hydride
elimination from the (metal-HCOO–) complex by the hydroxyl groups of the ligand. The β-hydride
elimination takes place via intermolecular rearrangement to an H-bond between a formate and the
ligand [56] (Figure 8). As expected, the pH of the solution plays a crucial role in the operation of the
cycle and the rate limiting step of the mechanism. At pH = 1, TONs were 10,000 while at pH = 5,
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TONs were very low i.e., 200; as noticed by the authors, at higher pH values, no gas evolution was
observed [56].Energies 2020, 13, x FOR PEER REVIEW 10 of 27 
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In the same context, participation of the ligand in the catalytic mechanism has been proposed
by Manca et al. [57] in the case of Ru complexes. They theoretically studied two different Ru
complexes: a [Ru(κ4NP3)Cl2] operating via Cycle-I and Cycle-II [57]. On the other hand, in the case
of [Ru(κ3-triphos)(MeCN)] complex, participation of the ligand in formation of the active species is
proposed [57].

The Unidentified H+: When peering into the proposed catalytic Cycle-II, we notice that an extra
proton H+ needs to enter the cycle i.e., see step- 11→12 in Figure 4 (Yang [52]), to 4→5 in Figure 5. This
was also invoked in our proposed mechanism the SiO2 nanoparticles (see Figure 6) [55]. Despite the
fact that the availability of this H+ is crucial, its origin is not clear. While in aqueous media, H+ are
abundant, in aprotic media i.e., such as propylene carbonate, availability of this proton should be
considered with care. So far, the origin of this proton has not been proven is none of the published
works, including ours [25,54]. Traces of H2O present in the solvent can be invoked, however since
these H+ participate stoichiometrically for each one HCOO– converted to H2, the H2O content should
be able to provide H+ at high concentrations i.e., stoichiometric vs. the HCOO– substrate. In a typical
experimental setup e.g., consider the case where 0.026 mmoles of HCOO– are added in 5 mL of
solvent, the extra proton would require the existence of several mmoles/lt of H2O, which is impossible.
Alternatively, “spectator ligands” i.e., ligands not coordinating a metal center can be considered
a possible source of these stoichiometric protons. However, a targeted study of this possibility remains
to be done.

Can we distinguish Cycle-I or Cycle-II by the [substrate:H2 stoichiometry]; according to Figure 2,
the stoichiometry of [HCOOH:H2] in Cycle-I is 1:1, while the stoichiometry [HCOO–:H2] in Cycle-II
is 1:1. A key point is that the sacrificial HCOO– that is consumed in the initial step activation of the
catalyst i.e., resulting in the formation of the first stable metal-hydride (see LM-H Figure 2) participates
only at the beginning of the cycles I, II. Thus, this initial HCOO– does not count in the total stoichiometry
of the produced H2. Otherwise, i.e., if two HCOO– were required for each H2 molecule, then the
stoichiometry HCOO–:H2 would be 2:1. This case i.e., a 2:1 stoichiometry of [HCOO–:H2], has not
been reported so far. In all reported cases, a ~1:1 stoichiometry is observed i.e., consistent with cycle-I
and/or Cycle-II. Thus, the [HCOOH:H2] stoichiometry itself cannot distinguish Cycle-I from Cycle-II.

2.4. Catalyst Activation

2.4.1. Based on the Applied Preparation Method

Based on the applied preparation method, the metal complexes used for catalytic FA
dehydrogenation can be classified in two categories: (i) Pre-formed (ML) complexes and (ii) in
situ formed complexes, that is, a metal precursor e.g., metal salt, and the ligand L [19] is mixed in
the reaction mixture, immediately before the addition of the substrate [43]. Then, after formation
of the complex (ML), the coordination of a formate anion HCOO– to the metal center is the first
step (Figure 2). For this reason, preincubation of the complex with formate ions is required [47].
Alternatively, formation of the active hydride LnM-H species can be promoted by incubation with
high-pressure H2 (See Figure 2). Fellay et al. [49] showed that preincubation with H2 at pressure PH2 =

750 bar is enough to drive the formation of the LnM-H species.

2.4.2. Light-Assisted Activation (LAA) of Catalyst

Another interesting aspect for the catalytic FA dehydrogenation is the possibility of acceleration
of the catalytic reaction by light photons. This is a “Light-Assisted Activation of the LnM complex”, (LAA)
without redox activity of M. The LAA mechanism can involve one or multiple photons:

One-photon LAA: Linn et al. [58] tested the catalytic performance of the Cr(CO)6 catalyst with
a HCOONa salt for H2 production. It was shown [58] that visible light photons can promote the
formation of the catalytically active penta-carbonyl Cr(CO)5 complex via a one-photon dissociation of
one CO from the Cr(CO)6 (Figure 9).
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mechanism. Figure adapted from Reference [58].

Multiple-photon activation Cycles: In early 1990, Onishi [59] tested the photo-assisted efficiency
of a hydrido(phosphonite)cobalt(I) [CoH{PPh(OEt)2}4] complex for dehydrogenation of HCOOH.
As depicted in Figure 10, the H2 production is associated with the formation of the complex
[CoH2{PPh(OEt)2})4]+ (HCOO–) from CoHP4. One-photon excitation of this complex leads to the
release of dihydrogen and the formation of the formato-complex, [Co(O2CH){PPh(OEt)2}4]. Then,
a second photon promotes release of CO2. Thus, two-photon excitation of the system drives the metal
catalyst to the CoHP4 state. The overall mechanism is illustrated below in Figure 10.
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In 2009, Beller et al. [60] investigated the effect of light on H2 generation from formic acid, using
a catalyst system based on a ruthenium precursor and aryl phosphines [Ru(Paryl3)m)]; see Figure 11.
In comparison with the non-photo-assisted system, the gas evolution achieved by photo assistance
was higher by ~200%.
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1 
 

 

Figure 11. Catalytic cycle for FA dehydrogenation proposed by Beller et al. with assisted multiple-photons
mechanism. Figure adapted from Reference [60].

The proposed catalytic mechanism entails involvement of up to four photons of visible irradiation,
(excluding UV < 320 nm and IR irradiation, [60]). As shown in Figure 11, the initial [RuCl2(benz)]2

pre-catalyst is activated by one visible light photon, to give an aryl phosphine-ligated Ru-hydride
species. Deactivation of this active catalyst is prevented by light. A second photon promotes release of
H2 while a third photon promotes dissociation of CO2 from the ligated HCOO– anion; see Figure 11.
Thus, in all the reported cases so far, light photons may be promoters of the H2-release from the catalytic
intermediate complex. Since, according to the theoretical analysis, this H2-release is expected to be the
rate-limiting step, the photons can accelerate the H2 production rate by their targeted intervention at
this step.

2.5. Formic Acid Deprotonation

2.5.1. Deprotonation by Homogeneous Molecular Co-catalysts

Bases as co-catalysts: As described earlier, in Figures 2–4, participation of a HCOO– anion is
mandatory in Cycle-II. Moreover, as detailed in Figure 2, the formation of the first metal-hydride
(LnM-H) can be established via an initial coordination of one HCOO– to the LnM complex. Thus,
the availability of HCOO– is expected to be crucial for both Cycle-I and Cycle-II. The continuous
dependence of Cycle-II on available HCOO– anions renders the systems where Cycle-II dominates more
sensitive to the activation of formic acid i.e., the deprotonation towards HCOO– anions. In this context,
taking into account the importance of the FA deprotonation for the efficient catalytic performance
of the system, several types of additives have been tested. At this point it is didactic to underline
that use of HCOONa (Sodium Formate, SF) in small amounts as a basic additive, are beneficial i.e.,
promote Cycle-II via HCOO–. It should be clarified however that when SF is used as the main substrate
(high concentrations), the reaction can produce bicarbonate anions i.e., as catalytic byproduct, that
can be poisonous for the dehydrogenation reaction. This has been clearly exemplified in the case of
H2 production by [Pd-Galic Acid] nanoparticles (see Figure 7) [55] where the excess of bicarbonate
resulted in a layer of bicarbonate crystals deposited on the catalyst surface.

In some cases, the anionic form of the ligand can act as an internal base, thus such systems work
under base-free conditions. The key point in these systems is the ionization of the ligand, affected by
the pH of the solution. In this context, Fukuzumi proposed pH-tunable catalytic systems.
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Another approach for FA activation is the use of organic bases as additives or solvents. In this
context, the influence of the organic bases in the catalytic performance of Ru catalysts was studied
by Boddien et al. [61]. Several amines, pyridines and ureas were tested, see Figure 12, as additives;
the best results were obtained for the tertiary alkyl amines, i.e., like triethyl-amine. We underline
that in [61] the [amine/FA] ratios tested were near-stoichiometric i.e., in the range 2/5 to 4/5, thus
the amines acting as sacrificial ‘additives’ rather than co-catalsysts. In general, there is a correlation
between amines’ basicity and TONs achieved (see Figure 12B). For example, in the same work [61]
with [RuCl2(p-cymene)] as catalyst, an [amine]:[FA] ratio equal to [3:4] provided TOF = 38 h−1, while
a molar ratio amine: FA = 2:5 gave lower TOF = 14 h−1.
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Based on this behavior, it is considered that the amine additives are sacrificed, since almost one
amine molecule is required per FA molecule i.e., for every FA molecule to be deprotonated in order to
be incorporated in Cycle-II.

The chemical stability of the amine additives is also a factor of concern, especially under the
need of continuous operation of the catalytic systems. In continuously operating systems, less volatile
amines have to be used to avoid their volatilization. In some cases, the replacement of the volatile
triethylamine with the less-volatile N,N-dimethylhexylamine [61] or with the higher-boiling-point
dimethyloctyamine improves the catalytic activity of the system [61].

Lewis Acid as co-catalyst: In 2004, Hazari [46] and co-workers presented the synthesis and
characterization of a series of Pincer-Fe complexes and their use for FA dehydrogenation, by addition of
Lewis acid co-catalysts i.e., instead of a base as co-catalyst. Based on spectroscopic results, the authors
proposed a mechanism for FA dehydrogenation [46]. In this mechanism, the pincer-Fe-complex forms
a pincer-Fe-HCOO– adduct using one HCOOH. Subsequent Lewis-acid-assisted decarboxylation of
the Fe-complex forms dihydrides with liberation of H2 and CO2.

2.5.2. Deprotonation of FA by Heterogeneous Co-catalytic-particles

As exemplified in Section 2.5.1 and references reported herein, amines in the homogeneous
phase can act stoichiometrically i.e., as sacrificial agent for deprotonation of one HCOOH to HCOO–.
Therefore, high amounts of amines are required to accomplish this task for the entire FA feedstock.

Recently, our group demonstrated an alternative to this requirement, showing that—instead
of amines—SiO2 nanoparticles can enhance H2 production by a Fe/PPh3/FA catalyst, in propylene
carbonate solvent [54]. This study provided the first evidence that the H2-production boosting effect by
SiO2 -particles was linked to the FA deprotonation e.g., enhanced catalytic H2 production is promoted
by the basic sites of SiO2 particles. As shown [54], SiO2 particles initiate deprotonation of HCOOH
towards HCOO– accelerating the formation of the metal-hydride species, thus enhancing the efficiency
of Cycle-I. Importantly, we have shown that SiO2 particles operate in co-catalytic amounts i.e., surface
OH-groups at stoichiometric amounts vs. the metal center, SiO2 (OH):M~1:1 [54].

More specifically, the TOFs of the [Fe/PPh3] system have been shown to increase from 1206 h−1 to
13,882 h−1 after addition of SiO2. Additionally, by controlling the population of surface groups of SiO2

i.e., number of Si-OH vs. Si-O-Si, we can control the efficiency of H2 production; this is because the
Si-O-Si bridges promote the FA deprotonation due to their better ability for proton abstraction [54].
In this work, the beneficial effect of the SiO2 NPs can be optimal at ratio FA/[≡Si-O-Si] = 200/1,

In the same context, SiO2-NPs modified by organic basic functionalities were shown to provide
a significant beneficial effect in the catalytic efficiency of the Fe/phosphine system [62]. More particularly,
the use of imidazole-functionalized SiO2 increased TOFs from 2412 h−1 to 16,432 h−1, while the use
of NH2-functionalized -SiO2 increased TOFs from 2412 h−1 to 14,942 h−1. In these cases, the best
results were achieved with FA/[≡Imid] = 577/1 (56 µmol of imidazole groups over 26 mmol of FA), and
FA/[≡NH2] = 500/1(48 µmol of NH2 -groups over 26 mmol of FA).

More recently, heterogenized amino functionalities were used as co-catalyst with a homogeneous
Ru/PPh3/FA system [24] see Figure 13. It was found that the heterogeneous H2N@SiO2 co-catalyst
(97 µmol of NH2 -groups over 52 mmol of FA) is able to enhance dramatically the H2 Production by
>700% vs. the process without co-catalyst, while the same amount of liquid n-propylamine produces
six times lower H2 volume at the same time lapse. Additionally, the heterogenized co-catalyst can be
regenerated and re-used. The H2N@SiO2 co-catalyst could be used four times with a < 5% loss of its
activity after each reuse [24].
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3. Experimental Issues—Limitations

Several parameters should be optimized in tandem for maximum H2 production via FA
dehydrogenation. Here we discuss some experimental issues and limitations pertaining to the catalytic
experiments of H2 production by molecular catalysts at near-ambient conditions.

3.1. Solution-Chemistry Issues

(i) The choice of solvent: Several types of solvents have been used so far for near-ambient T and P
catalytic FA dehydrogenation reactions [19]. The choice of the solvent is dictated by three parameters:
(i) Catalyst solubility in the particular solvent, (ii) co-catalyst’s solubility, in the particular solvent, and
(iii) solvent polarity. Apart from solubility issues, protic solvents may be more directly implicated in
the reaction steps involving H-bonding, deprotonation events. These are detailed in paragraph (iii)
hereafter, while the eventual poisonous effect of H2O is discussed in paragraph (iv).

Keep in mind that formic acid can be used as solvent too, thus FA itself imposes the reaction
parameters. We have to notice that for noble metal complexes, the use of water as solvent is also
possible. Taking into account that some reactions operate better at higher temperatures i.e., 80–120 ◦C,
solvent stability and volatility becomes a crucial parameter. Moreover, a wide variety of investigations
have been realized on the effect protic and non-protic solvents on H2 production, related to the solubility
of catalysts. For example, a [Fe-Lpincer-CO] complex in FA/Net3 solution was tested in protic and
non-protic polar solvents [44]. At 40 ◦C, it was found that the highest catalytic yields were obtained
with 1,4-dioxane (TONs = 653), while DMSO, THF, EtOH, CH3CN, and H2O gave 538, 520, 243, 206,
and 83 TONs, respectively [44]. According to the authors, this was attributed to the poor solubility of
the complex to more-polar solvents. For a [Fe/PPh3] complex, the best catalytic activity was achieved
using propylene carbonate solvent (Ea = 77 kJ/mol) instead of THF (Ea = 82.1 kJ/mol) [44].
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(ii) The influence of reaction temperature: According to all theoretical as well as the experimental data,
H2 release from HCOOH/HCOO– is a thermally activated process occurring via high-energy reaction
intermediates. Thus, increase of the reaction temperature results in enhancement of the production
rate i.e., TOFs. A typical example is the catalyst Fe/PPh3 in propylene carbonate, which shows TOFs
= 2018 h−1 at 60 ◦C, and 8136 h−1 at 80 ◦C [36]. It was found that—for the catalysts studied so far
in literature—the activation energy barriers, Ea, of these processes are usually in the range of 80 to
40 kJ/mole [36]. On the practical side, such Ea values require operating at temperatures near to the
limit of volatility of the solvent, in order to obtain the optimal catalytic rates. This entails that lowering
the Ea would allow lower operation temperatures to be applied.

(iii) Role of pH: Noble and non-noble metal complexes in aqueous solution may show
a pH-dependent catalytic activity i.e., at the pH region that favors FA deprotonation with an optimum
efficiency in slightly acidic pH values from 4-6. Transition metal complexes like Ir, Ru, and Rh
present a better catalytic activity in the presence of a base. For example, Fukuzumi et al. [39] using
a Ru-Ir heterometalic complex [IrIII(Cp*)(H2O)(bpm)RuII(bpy)2](SO4)2] in H2O, demonstrated clearly
a characteristic pH-dependence of TOFs, attaining TOF = 450 h−1 at optimum pH = 3.8. This pH value
is correlated with the pKa of HCOOH deprotonation. Thus, solution pH modulates FA deprotonation
making HCOO– anion the appropriate feed agent for Cycle-II in Figure 2. At more acidic pH < 3,
the achieved catalytic activity was lower due to poor possibility of formate anion species, while at
pH > 5, [H3O+] concentration is practically low and thus unable to protonate effectively the metal
hydride towards H2 formation [39]. In a similar way, the pH-dependent H2 production by an Ir-complex
(cis-mer-[IrH2Cl(mtppms)3]) in the presence of HCOOH/HCOONa revealed a sharp maximum of the
rate at pH = 3.75, (coinciding with the pKa of formic acid) showing that both H+ or HCOOH and
HCOO– species play important role in the reaction mechanism [63].

(iv) The poisonous effect of H2O and Inorganic Anions: In aprotic solvents, the presence of trace
amounts of water can be a limiting factor. For example, we have found [23] that the performance of
[Fe/PPh3/propylene carbonate] system can be severely inhibited when H2O was present over a certain
limiting amount i.e., 6% [23]. Notice that commercial formic acid typically contains at least 2–3% of
water to sustain its liquid phase. Analogous poisonous results were observed by Mellman et al. [51]
when Cl- anions were present in the catalytic mixture. The so-obtained decrease in the catalytic activity
can be attributed to the formation of Fe-chloride species that inhibits the Fe-hydride formation, which,
as we have discussed herein (Figure 2) is extremely crucial for both Cycle-I and Cycle-II. This entails
that any atom/molecule coordinating irreversibly the metal center—apart from the hydride—will act as inhibitor
of the catalytic H2 production by the metal complexes.

3.2. Hydrogen Production Under Continuous Operation

Many systems have been described in the literature as able to produce hydrogen via FA
dehydrogenation at satisfactory TONs and TOFs. However, for commercial applications, continuous
operation of the catalytic system is required. The simplest principle of a continuous operating systems
is that the substrate (HCOOH) is provided continuously by an on-line pump; see Figure 14. The crucial
parameter in the continuous operation systems is the long-term stability/durability of the catalytic
system under the reaction conditions.

Moreover, a robust co-catalyst is required. So far, there are only few examples of catalytic systems
working satisfactory under continuous operation. The first catalytic system of continuous hydrogen
production via FA dehydrogenation was reported by Laurenczy and co-workers in 2008 [31]. This
concept was later scaled up and drove to the development of the FA-fuel vehicle. In 2009, Beller
and co-workers reported a Ru-based complex [RuCl2(C6H6)]2/DPPE [64] evaluated under continuous
operation conditions and after 11 days of continuous operation achieved TONs 260,000. Wills [65]
presented a [RuCl2(DMSO)4] catalyst that was evaluated under continuous operation conditions
showing a remarkable TOF = 18,000 h−1. Further improvement of the Wills’ system was achieved
by replacement of the volatile NEt3 with more stable aliphatic and aromatic amines [66]. Another
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example for continuous hydrogen production was published in 2008 [30] where two in-situ-formed
ruthenium catalysts were evaluated for hydrogen production under continuous operation conditions.
In this case, a closed reactor was used, which also served as hydrogen storage medium. The reaction
conditions, such as temperature, amine additive, and [FA:amine] ratio were carefully investigated in
order to achieve the optimum performance of the catalytic system at the lowest possible temperatures.
Under optimized operation conditions, this system achieved 1,000,000 TONs. Thus, although, to date,
the application of the Metal-complex:H2: HCOOH technology has been demonstrated in only one pilot
application, the continuous-operation mode provides encouraging results, in a leap forward towards
a scalable in-situ H2 production technology from HCOOH. Continuous production of hydrogen
from FA decomposition has been described in the recent review of Van Putten et al. [67] focusing
on scale-up applications, and the review of Durbin and Malardier-Jugroot [32] regarding mainly
vehicle applications.
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3.3. Heterogeneous Catalysts

Catalytic H2 production via FA dehydrogenation has been shown to be achievable by several
types of metal complexes in the homogeneous phase. However, the inherent limitation in separation
and reusability of such homogeneous catalysts led the researchers to study heterogeneous catalytic
systems. The first heterogeneous systems used for FA dehydrogenation were metal particles—not
complexes—[27] mainly operating with FA in gas form, at high temperatures (T > 400 °C) and
pressures. Typically, the heterogeneous catalysts used under high temperatures and pressures are metal
nanoparticles, metal oxides, and metal nanoparticles supported on different matrices [27]. Liquid phase
reactions, able to proceed at near-ambient conditions, have been recently presented in the literature i.e.,
since 2008. To this front, an alternative approach, exploiting the advantages of homogeneous catalytic
metal-complexes, is the heterogenization of the metal complex on a solid matrix. Covalent grafting of
the metal complex is required to achieve catalysts stability. Such grafting technology has been exploited
for many years by our group for immobilization of oxidation catalysts i.e., Mn complexes [68] and Fe
complexes on SiO2-based [69] or carbonaceous-based supports [70]. However, the grafting technology
for H2 production from FA has been exploited only recently by us [23] (see Figure 15) and others.
In 2009, Gan et al. [71] had immobilized a homogeneous Ru[meta-trisulfonatedtriphenylphospine]
complex on various matrices i.e., polymers and zeolites. Different immobilization methods i.e., such
as ion exchange, polymer immobilization, and adsorption were used. High catalytic activity was
achieved in some cases. However, leaching of the catalytically active complex from the surface was
a serious drawback i.e., since it drives gradual deactivation of catalyst [71].
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Table 1. Representative catalytic systems used to FA dehydrogenation.

Catalytic Complex Temp.
◦C

Operation
Time (h) TONs TOFs

(h−1)
Substrate/Solvent Additive FA/Additive

Ratio
Ref.

Noble Metals (Homogeneous Catalyst/Homogenous Base Additive)

Ru2(µ-CO)(CO4)(µ-DPPM)2 RT - 500 FA/Acetone - - [30]

[Ru(H2O)6](tos)2 120 90 40,000 460 FA, SF/H2O - - [31]

[RuCl2(C6H6)]2/DPPE 40 264 260,000 900 FA/Dimethylamine - - [65]

[Cp*Ir(TMBI)H2O]SO4 80 0.17 10,000 34,000 FA/H2O - - [65]

[Ir(COD)(NP)](tfO) 90 2880 2,160,000 - FA/SF - - [33]

Cp*Rh(bis-NHC)Cl]Na 100 50 449,000 9000 FA/H2O - - [34]

[RuCl2(p-cymene)]2 40 3 76 FA/H2O NEt3 2/5 [61]

[RuCl2(p-cymene)]2 40 3 21 FA/H2O NEt3 3/4 [61]

[RuCl2(p-cymene)]2 40 3 40 FA/H2O HexNMe2 4/5 [61]

Homogeneous Catalyst/Heterogeneous Base Co-catalyst

Ru/P(CH2CH2PPh2) 80 696 3924 823 FA/PC SiO2-NH2 500/1 [26]

Non-Noble metals (Homogeneous catalyst/homogenous additive)

[Fe(CO)12/benzylphospine/TPY 60 51 1266 25 FA/DMF light - [41]

Fe(BF4)2/PPh3 80 18 92,417 5390 FA/PC - - [43]

[(PNP)Fe(H)2(CO) 40 240 100,000 420 FA/THF Net3 1/2 [44]

[(PNP)Re(CO)2] 180 1 3300 3300 FA/Dioxane - [45]

Homogeneous Catalyst/Heterogeneous Base Co-catalyst

Fe(BF4)2/PPh3 80 200 8483 6245 FA/PC SiO2 200/1 [54]

Fe(BF4)2/PPh3 80 88 8564 5773 FA/PC SiO2-COOH 577/1 [62]

Fe(BF4)2/PPh3 80 34 8668 14,942 FA/PC SiO2-NH2 500/1 [62]

Homogeneous catalyst/homogenous additive: Lewis-Acid Additives

[PNP1 Fe (H)(CO)(OOCH] 80 4 231 999 FA/Dioxane LiBF4 1/0.1 [46]

[PNP1 Fe (H)(CO)(OOCH] 80 4 263 999 FA/Dioxane NaCl 1/0.1 [46]

[PNP1 Fe (H)(CO)(OOCH] 80 4 323 999 FA/Dioxane NaBF4 1/0.1 [46]

Immobilized catalysts

Fe(BF4)2-PPh3@SiO2 80 1.25 7869 6295 FA/PC - [25]

Pd-P@ SiO2 85 - 719 - H2O - - [72]

Ru-S-SiO2 85 - 344 H2O - - [72]

Ru-P-SiO2 85 - 102 H2O - - [72]

Pd-N-SiO2 85 - 115 H2O - - [72]
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Another example of immobilized catalyst presented by Guo and co-workers [72] consisted
of Ru and Pd metal centers with sulfur ligands, covalently attached on SiO2 support. The best
results were obtained for the Pd-S-SiO2 (TOF = 700 at 85 ◦C). More recently, heterogenization of
an iron-phosphine complex Fe/(tris[(2-diphenylphosphino)ethyl]phosphine) was presented by our
group [23]; see Figure 15. Immobilization of the complex on SiO2 increased the TOFs by 170% vs.
the analogous homogeneous system. Importantly, in this work [23], an heterogenized catalyst was
demonstrated, for the first time, to have high efficiency and robustness in a wide range of temperatures,
being able to produce up to 14 lt of H2 within 6 h of continuous operation. Thus, the covalent
immobilization strategy of the metal-complex or/and the co-catalyst can provide definitive advantages
paving the road towards the continuous-operation standards where durability and recyclability will be
of primary importance. In 2019, catalytic dehydrogenation of formic acid using molecular Rh and Ir
catalysts immobilized on bipyridine-based covalent triazine frameworks was described by Yoon and
co-workers [73]. In the case of the Ir catalyst, it achieved TOFs = 7930 h−1 i.e., 27 times higher than the
corresponding homogeneous Ir Complex.

Oxide-supported metal single-atom or nanoclusters have shown catalytic properties, from the
mechanistic point of view the metal nuclearity, and electronic properties can play crucial role in
catalytic activity and selectivity [74], for example subnanometer Pt clusters show high selectivity to
hydrogenation over dehydration reaction in contrast large Pt NPs. This exemplifies a novel concept i.e.,
single-atom or sub nanoclusters can be anticipated as catalytic structures between the homogeneous
metal-complexes and the nanoparticles.

4. Conclusions

The catalytic mechanism of HCOOH dehydrogenation by molecular (ML) catalysts can be
operationally divided in three sequential steps: (i) FA activation by deprotonation of one HCOOH
molecule and formation of the HCOO– anion, (ii) catalyst activation, and (iii) catalytic H2 production.
This process can be accomplished via two alternative routes, conceptually described as Cycle-I and
Cycle-II. Cycle-I operates with FA (HCOOH), while Cycle-II with formate anion (HCOO–); both involve
a β-hydride transfer from substrate (FA or HCOO– anion) to metal. The FA activation can be facilitated
by organic bases or nanoparticles. Amines in homogeneous phase act as sacrificial additives, while
SiO2 particles or NH2-funtionalised-SiO2 nanohybrids can act as co-catalysts. Optimal performance of
a catalytic system should consider the role of the solvent as well as the eventual inhibitory role of H2O.
Heterogenization of a ML-catalyst on SiO2 provides a novel route where the co-catalytic benefit of
the silica-OH groups contributes to enhanced performance of the ML catalysts. Another interesting
aspect for the catalytic FA dehydrogenation is the acceleration of the catalytic reaction by light. Several
experimental issues and limitations, such as the pH of the solution, the process temperature, the
stability of the complex, and the additive/co-catalysts should be considered when the long-term
continuous operation is envisaged. Minimizing the high concentrations of amine-type additives are
a mandatory challenge. Heterogenization of the catalyst and the co-catalyst can serve as multipurpose
strategies for long-term continuous operation and economic competitiveness of this technology.
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Abbreviations

DPPM Ph2PCH2PPh2
tos toluene-4-sulfonate
DPPE 1,1-bis(diphenylphosphino)ethane
PNP 2,6-bis(di-tert-butylphosphinomethyl)pyridine
CP* 1,2,3,4,5-pentamethylcyclopentadienyl
TMBI tetramethylbiimidazole
PHEN 1,10-phenanthroline
COD cyclo-1,5-octadiene
NP 2-(di-tert-butylphosphinomethyl)pyridine
NHC N-heterocyclic carbene
TPY 2,2′:6′,2”-terpyridine
PNP1 HN(CH2CH2(PiPr2))2
PPh3 tris[2-(diphenylphosphino)ethyl]phosphine
TON Turn over number (TON = mol of produced gasses/mol of catalyst)
TOF Turn over frequency (TOF = TON/t)
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