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Preface to ”Catalytic Hydrogen Generation and Use

for Production of Fuels”

Hydrogen is considered as a fuel for the future. Catalytic approaches to produce hydrogen

involve dehydrogenation, gasification, water–gas shift, and steam and dry reforming reactions.

Recent studies have considered the utilization of new sources of hydrogen, such as biomass, as well

as liquid organic and solid hydrogen carriers. Photo- and electrocatalytic methods for hydrogen

production have become important. Hydrogen is also intensively used for the synthesis of fuels via

catalysis. Active, selective, and stable supported catalysts are needed for all these processes.

The aim of the book “Catalytic Hydrogen Generation and Use for Production of Fuels” is

to discuss the field of catalytic hydrogen production and its application in the synthesis of fuels.

Included are 2 review papers and 3 experimental papers related to hydrogen generation and

hydrogen use in fuel production. Dr. D. Bulushev and Dr. M. Navlani-Garcı́a et al. present reviews

related to hydrogen production from formic acid over supported metal complexes and from ammonia

borane over Ru-based catalysts, respectively. Dr. A. Suboch and Dr. O. Podyacheva studied hydrogen

production over Pd catalysts supported on N-doped carbon nanotubes. Dr. V. Chesnokov et al.

successfully used formic acid as a hydrogen source and a Ni–Mo-based catalyst to upgrade tar. Dr. E.

Matus et al. applied different bimetallic Ni-containing catalysts to produce hydrogen by autothermal

reforming of ethanol.

This book is potentially useful for specialists in catalysis and nanomaterials as well as for

graduate students studying chemistry and chemical engineering. The reported results can be applied

in the development of catalysts for hydrogen production from different liquid organic hydrogen

carriers. We acknowledge the contribution of MDPI in publishing this book.

Dmitri A. Bulushev

Editor
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Abstract: The Special Issue of the Energies journal related to the hydrogen production from formic
acid decomposition was published recently by MDPI. This Editorial note contains a short analysis of
the papers published in this Special Issue and some historical information connected to this reaction.

Keywords: formic acid; hydrogen production; catalysts

Hydrogen production from different hydrogen carriers is an important topic that has
been examined in many studies, as hydrogen is considered to be a clean fuel for the future,
giving only water as a product. At the same time, efforts for its storage and transportation
may encounter serious difficulties related to safety. Hence, it is necessary to develop liquid
and solid hydrogen carriers that will allow the safe storage/transportation of hydrogen
and its liberation at mild conditions using catalysts. Therefore, many recent studies in this
field have focused on the development of efficient catalysts for hydrogen production from
different compounds.

MDPI published the Special Issue “Advanced Catalysis in Hydrogen Production from
Formic Acid and Methanol” in the Energies journal and as a separate book, for which I
served as Guest Editor. Formic acid and methanol are liquid organic hydrogen carriers
(LOHCs) that can be produced from biomass [1] or by CO2 hydrogenation [2,3]. The Special
Issue included five invited research papers and two invited reviews. Unfortunately, no
papers related to the production of hydrogen from methanol were presented; hence, the
issue was focused on different aspects of hydrogen production from formic acid using
heterogeneous and homogeneous catalysts (Figure 1).

Studies of the catalytic decomposition of formic acid have more than 150 years of his-
tory and have contributed significantly to the science of catalysis. Formic acid decomposes
through two routes, giving hydrogen and carbon dioxide (1, dehydrogenation) and carbon
monoxide and water (2, dehydration).

HCOOH → CO2 + H2 (1)

HCOOH → CO + H2O (2)

The German chemist Döbereiner was the first to report the dehydration of formic acid
by heating it with anhydrous sulfuric acid in 1821 [4]. This reaction was studied in detail at
the beginning of the last century. Some heterogeneous catalysts were tested. If the goal is
to produce pure hydrogen, dehydration should be eliminated using catalysts. However,
dehydration is important for applications where formic acid is applied as a CO source—for
example, synthesis gas production [1,5].

The French chemist Marcellin Berthelot was the first to report the dehydrogenation of
formic acid in 1864 [6]. He conducted the decomposition of formic acid vapor over 15 g of
Pt black powder at 443 and 533 K and showed that equal amounts of CO2 and H2 were
formed. Later, the Nobel Prize Winner in Chemistry (1912) Paul Sabatier and his co-author
A. Mailhe showed that some heterogeneous catalysts such as Pt, Pd, Ni, Cu, Cd, SnO2, and

Energies 2021, 14, 6810. https://doi.org/10.3390/en14206810 https://www.mdpi.com/journal/energies1
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ZnO were active in dehydrogenation reaction, while oxides of Ti, Al, Si, Zr, U, and W were
active in dehydration reaction [7]. Formaldehyde was also formed sometimes. It should be
mentioned that Sabatier was an assistant in the laboratory of Berthelot and received his
Doctor of Science degree under his supervision in 1880 [8].

 

Figure 1. Catalysts for hydrogen production from formic acid decomposition considered in the Special Issue.

In 20th century, formic acid decomposition was studied as a model reaction used
for the establishment of the bases of catalysis and for the development of spectroscopic
methods. Later, Density Functional Theory (DFT) studies were performed to elucidate the
mechanism of the reaction.

Formic acid contains a considerable amount of hydrogen (53 g L−1). Since 2008–2010, it
has been considered as a substance that could be used for hydrogen storage. Homogeneous
catalysts have been used intensively for liquid-phase formic acid decomposition and for
formic acid production from CO2 and H2 [9–14]. At the same time, heterogeneous catalysts
have also been used for liquid-phase [15] and gas-phase [16,17] reactions with the purpose
of producing CO-free hydrogen efficiently. These catalysts possess a significant advantage
with respect to homogeneous catalysts, allowing to separate them easily from the reaction
mixture [18,19].

There are several ways to achieve efficient hydrogen production from formic acid
using catalysts. These involve support modification, metal size optimization, the alloying
of active metal with another metal, and promotion with basic compounds containing alkali
metals or amines. All these methods are considered in this Special Issue. The reviews
featured to discuss liquid-phase formic acid decomposition over bimetallic (PdAg) [20],
molecular (Ru, Rh, Ir, Fe, Co, and others) [21], and heterogenized molecular Fe catalysts [21].
The gas-phase reaction is studied over highly dispersed Pd [22], Pt [23], Au [24], Cu [25],
and Ni [26]-supported catalysts.

Stathi et al. [21], in their review, discuss the features of the production of hydrogen
from formic acid over a set of homogeneous catalysts represented by metal complexes.
The mechanism of the liquid phase reaction was analyzed based on DFT studies. The
authors indicated the importance of the deprotonation of formic acid as a first step of the
reaction. They also outlined other important factors: the nature of the solvent and ligand,
temperature and pH. Moreover, they discussed the continuous operation of hydrogen
production from formic acid and showed some examples where immobilized molecular
catalysts demonstrated comparable properties to nonimmobilized catalysts. This latter
feature is important for the creation of immobilized molecular catalysts [18].

Navlani-García et al. [20], in their review, discussed the properties of PdAg catalysts
in the production of hydrogen from formic acid. The interest in these catalysts is based
on their high performance in liquid-phase reactions [15,27,28]. The authors ascribed the
enhancement displayed by PdAg catalysts as compared to their monometallic counterparts
to several effects, such as the formation of electron-rich Pd species and increased resistance
to CO poisoning. Additionally, the authors considered the photocatalytic decomposition of
formic acid. They also concluded that very little is known about the performance of the
catalysts in highly concentrated formic acid solutions. It would be interesting to study the
decomposition of gas-phase formic acid over highly dispersed PdAg catalysts.

The nature of the catalyst’s support plays an important role in the reaction when the
metal is highly dispersed. Sobolev et al. [24] studied the gas-phase formic acid decom-
position over Au catalysts with a mean size of 1.6–2.4 nm supported on SiO2, TiO2, and
Al2O3 and compared their catalytic properties with the properties of the corresponding
supports. They concluded that the undesirable dehydration pathway was provided by
the acid–base properties of the support. Thus, the selectivity in hydrogen production was
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found to be very low for the Au/TiO2 catalyst (<20%), but it was close to 100% for the
Au/Al2O3 catalyst. At the same time, the conversion of formic acid over the former catalyst
was entirely provided by the support, since the conversion temperature dependences were
almost the same. Earlier, we also indicated the importance of the nature of the support for
highly dispersed Au catalysts and this reaction [29,30]. Gold supported on an N-doped
porous carbon support showed a higher hydrogen yield than gold supported on silica
or alumina.

In this Special Issue, the effect of carbon doping with nitrogen species was analyzed
in detail for Pt [23], Pd [22], and Ni [26] catalysts. Nitrogen was inserted into the structure
of carbon supports by direct synthesis using N-containing precursors [23,26] or by the
post-deposition of N-containing precursors on the surface of the carbon support with
optimized properties [22]. The latter method allows the scaling of the synthesis of N-doped
carbon and could be useful for industrial applications.

It is important that the N-doping of the carbon support exerts a significant promotional
effect. One of the reasons for the high activity of N-doped catalysts is the improvement
in metal dispersion and formation of single-atom metal sites stabilized by pyridinic N
species present in the support [19]. For example, Podyacheva et al. [23] demonstrated
the higher activity of single Pt atoms supported on N-doped carbon nanotubes or carbon
nanofibers as compared to Pt atoms on the surface of Pt nanoparticles. A correlation with
the concentration of pyridinic N atoms was shown. In a recent paper [31], this group
demonstrated the same effects for Pd catalysts.

Golub et al. [22] used different N-containing precursors (bypiridine, phenanthroline,
and melamine) to deposit over a graphitic carbon support (Sibunit). The best performance
was discovered for Pd catalysts, for which melamine was used as the N-precursor. The
deposition of melamine followed by pyrolysis led to an increase in the activity and selectiv-
ity and to a decrease in the apparent activation energy. Thus, the catalytic activity of the
N-doped Pd catalyst was higher by a factor of 4 than that of the Pd catalyst supported on
the N-free carbon support at 373 K.

The properties of non-noble metal catalysts (Ni and Cu) were also discussed in this
Special Issue. Normally, the activity of these catalysts is lower than that of noble metals
such as Pt and Pd, but their price is also lower and this is important. Nishchakova
et al. [26] studied Ni catalysts supported on N-doped and N-free porous carbon prepared
at different temperatures. A temperature equal to 1073 K was found to be optimal for
the catalytic activity. The N-doped Ni catalysts possessed a high stability in the formic
acid decomposition reaction and a slightly higher activity than the N-free catalyst, with
a mean particle size of 3.9 nm. A further study in this field [32] performed by the same
group demonstrated that the used N-doped catalyst was a single-atom catalyst with active
Ni-N4 sites.

Pechenkin et al. [25] used a Cu-containing catalyst supported on a CeO2/γ-Al2O3
support. The gas-phase decomposition of formic acid was studied in detail. The authors
showed a very high yield of hydrogen equal to 98% at temperatures of 473–573 K. This yield
was higher than those obtained for methanol and dimethoxymethane steam reforming
reactions. The catalyst was stable in the reaction conditions used.

Therefore, key problems related to catalytic activity in hydrogen production from
formic acid were discussed in this Special Issue. Interestingly, the amounts of noble metals
in the Pt [23] and Pd [22] catalysts discussed in this issue were by a factor of 105 lower
than those used in the experiments carried out by Berthelot [6] at similar temperatures.
This reflects the progress made in the development of catalysts during the last 150 years,
indicating that modern catalysts are significantly more active.

Finally, the results reported in this Special Issue can be applied for the development of
catalysts for hydrogen production not only from formic acid, but also from other organic
hydrogen carriers.
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Abstract: Formic acid is a liquid organic hydrogen carrier giving hydrogen on demand using catalysts.
Metal complexes are known to be used as efficient catalysts for the hydrogen production from formic
acid decomposition. Their performance could be better than those of supported catalysts with metal
nanoparticles. However, difficulties to separate metal complexes from the reaction mixture limit
their industrial applications. This problem can be resolved by supporting metal complexes on the
surface of different supports, which may additionally provide some surface sites for the formic acid
activation. The review analyzes the literature on the application of supported metal complexes in
the hydrogen production from formic acid. It shows that the catalytic activity of some stable Ru
and Ir supported metal complexes may exceed the activity of homogeneous metal complexes used
for deposition. Non-noble metal-based complexes containing Fe demonstrated sufficiently high
performance in the reaction; however, they can be poisoned by water present in formic acid. The
proposed review could be useful for development of novel catalysts for the hydrogen production.

Keywords: formic acid decomposition; hydrogen; biomass; metal complex; heterogeneous catalyst;
ruthenium; iridium; iron

1. Introduction

Hydrogen is mainly used for ammonia synthesis and the petrochemical industry. Its
traditional production involves non-renewable sources and processes giving a significant
emission of carbon dioxide leading to global warming. Among these processes are steam
reforming of natural gas and gasification of coal performed at very high temperatures
(>900 K). Recently, the International Energy Agency reported that the hydrogen production
reached 75 mln of tons and that it was accompanied by emission of 830 mln tons of CO2 [1].
Global demand for hydrogen increases from year to year accompanying by an increase of
the carbon dioxide emissions.

Despite hydrogen is a clean energy carrier its safe transportation and storage are rather
complicated. Liquid organic hydrogen carriers (LOHCs) are used for safe storage and
transportation of hydrogen [2,3]. They can be produced from biomass or CO2 thus avoiding
the effect of the evolved CO2 for global warming. Formic acid (HCOOH) is an example of
such a LOHC. It contains 53.4 g L−1 hydrogen (4.4 wt %), which is by a factor of 2 higher
than the content of compressed hydrogen at 350 bar at the same volume. This amount
corresponds to the energy density of 2.1 kWh L−1. In contrast to hydrogen, formic acid can
be easily transported and stored and its application is much safer. An important feature of
using formic acid is that it can be produced by catalytic hydrolysis/oxidation of biomass
with high yields at low temperatures (<423 K) [4–6]. Hydrogen can be released from formic
acid using catalysts at even lower temperatures (Figure 1). Thus, transformation of biomass
to hydrogen through formic acid could be considered as an efficient route, because direct
gasification of biomass also giving hydrogen demands very high temperatures (>900 K)
(Figure 1). Recently, Zhang et al. [7] and Park et al. [8] demonstrated the proof of concept
for such an approach.

Energies 2021, 14, 1334. https://doi.org/10.3390/en14051334 https://www.mdpi.com/journal/energies7
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Figure 1. Reaction scheme showing the production of electrical energy and fuels from biomass
through the conversion to formic acid.

The hydrogen obtained from formic acid could be further transformed to electrical
energy (Figure 1). The development of a compact integrated 25 kW system which converts
formic acid to power has been discussed [9]. Formic acid could be used also as a donor
of hydrogen instead of molecular hydrogen to hydrogenate different organic substances
for production of fuels and intermediates for fuels [4,10]. Thus, it could be applied for
synthesis of γ-valerolactone from C6 sugars and levulinic acid [11], 2,5-dimethylfuran from
5-formyloxymethylfurfural [12], furfuryl alcohol [13] and methylfuran [14] from furfural,
upgraded bio-oil from bio-oil [15], and diesel/gasoline mixtures from tar [16] (Figure 1).

Supported catalysts with nanoparticles are traditional catalysts for the hydrogen
production from formic acid in gas and liquid phase. Novel single atom metal catalysts
supported on N-doped carbon may provide a higher activity in the formic acid decom-
position than the activity of the catalysts with nanoparticles, but the difference is not so
significant [17]. The activity of homogeneous metal complexes is often higher [18–24].
Hence, they could be used at lower temperatures. Metal complexes also represent more
uniform active sites as compared to metal nanoparticles. Hence, basing on this knowledge
the design of the catalyst could be facilitated. However, there are serious problems of
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application of homogeneous metal complexes as catalysts for different reactions limiting
their industrial applications. They include difficulties in separation of a catalyst from the
reaction medium and catalyst’s recovery, instability of homogeneous catalytic systems, as
well as possible corrosive effects of catalyst solutions on the equipment [25].

Separation of the catalysts with noble metals could be important for production of
hydrogen from reaction mixtures containing formic acid and obtained from biomass. To
solve this problem, metal complexes could be supported on different supports. Serious ef-
forts have been directed toward the immobilization of homogeneous catalysts on supports.
Evidently, their catalytic properties could change due to a change of ligand environment,
since after supporting the support surface sites become important ligands for metal atoms.
These sites may have no direct analogs in solutions [25]. Their nature affects strongly
the energy of interaction of metal complexes and resistance of the catalyst to leaching.
Additionally, the support may provide surface sites for formic acid activation leading to its
faster conversion.

Carbon dioxide is also produced as a by-product during the decomposition of formic
acid; however, it can be further hydrogenated into formate salts at low temperatures [26,27].
Earlier, we have analyzed this reaction taking place on different catalysts, particularly on
supported metal complexes [27]. In the present review, we will consider in details the
catalytic properties of supported Ru, Ir and Fe complexes in the hydrogen production
from formic acid. There are only a few studies performed with supported complexes of
other metals (Pd, Rh) in this reaction. We have not found a specialized review related
to application of supported metal complexes in the hydrogen production from formic
acid. However, this subject is worth to discuss since this type of the catalysts shows
excellent activity, selectivity and stability in the reaction and can be easily separated from
the reaction mixture.

2. Supported Ruthenium Complexes

Ru complexes are among the most active complexes for the hydrogen production
from liquid phase formic acid. The group of Laurenczy contributed significantly to the
development of these catalysts [20]. In 2009, they reported the results of immobiliza-
tion of ruthenium(II)–TPPTS (trisulfonated triphenylphosphine) complex on different
supports [28]. Among them, they used an ion exchange resin containing basic trimethy-
lammonium groups. The reaction mixture except of formic acid contained sodium formate
(9:1). It is known that addition of sodium formate to formic acid should give a higher
activity [19,29,30]. The results showed that this resin ionically interacted strongly with the
Ru complex and no Ru leaching took place during the reaction. However, recycling of the
catalyst led to a decrease in the reaction rate, but the same conversion was achieved in 3 h.

In another case, covalent interaction of the Ru species to the phosphine groups of
PPh3- or PPh3-O-cross-linked polystyrene led to strong coordination of the metal. Unfor-
tunately, the obtained catalyst was not sufficiently active in the reaction as compared to
the homogeneous catalyst. The authors supposed that the reasons are related to a high
hydrophobicity of the material and mass transfer limitations.

Additionally, they used five different types of zeolites as supports. The activity was
sufficiently good, but the adsorbed Ru–TPPTS could be removed in water from zeolites
thus indicating that it was attached weakly through physical adsorption. This complicates
the catalyst recycling which is necessary for a sustainable process.

The same group has noticed later that their earlier attempts to create heterogenized
metal complex catalysts were only partially successful and developed another system [29].
In this case, they used a mesoporous silica support (MCM-41) with attached phosphine
groups. The optimized catalytic system corresponded to MCM41-Si-(CH2)nPPh2/Ru-
mTPPTS with n = 2 and demonstrated the activity and stability comparable to those of
the homogeneous catalyst (Figure 2). Thus, the turnover frequency (TOF) of 2780 h−1 was
obtained at 383 K (Table 1). TOF value corresponds to the number of hydrogen molecules
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obtained per one metal site per time unit. It is a major value characterizing the specific
activity of the catalysts.

 

Figure 2. Effect of the number of CH2 groups attaching phosphine groups to the MCM-41 support on
formic acid (HCOOH) decomposition catalyzed by the immobilized Ru catalysts at 363 K. Reprinted
with permission from [29].

The effect of the number of CH2 groups attaching the phosphine groups (n) is demon-
strated in Figure 2. It is seen that short CH2 chains lead to the activity higher than those
for the catalysts with longer chains. The content of CO obtained as a by-product was
negligible (3 ppm). It is very important to have a very low level of CO in the reaction to
prevent poisoning of the catalyst in a fuel cell. In addition, the supported Ru catalysts were
recyclable since they allowed performing the reaction for more than 20 cycles without loss
in activity.

Later, the same group created a reactor system for continuous production of hydrogen
from formic acid [31]. A Ru-mTPPTS catalyst supported on phosphinated polystyrene
beads was used in this case. This catalyst provided the TOF of 270 h−1 at 378 K and the
apparent activation energy of 93.6 kJ mol−1. The low CO concentration level (<5 ppm) was
reached due to a PROX reaction using a Pt/CeO2 catalyst. Alternatively, a methanation of
CO could be used to decrease the CO content [9].

Zhao [32] modified the surface of SiO2 support (450 m2 g−1) with 3-mercaptopropyltri-
methoxysilane to obtain SiO2-SH groups, which then interacted with Ru or Pd chlorides
(about 2 wt %). The obtained Ru-S-SiO2 and Pd-S-SiO2 catalysts showed TOFs of 344 h−1

and 719 h−1 with a 4 M HCOOH/HCOONa (9:1) mixture at 358 K, respectively. X-Ray Pho-
toelectron Spectroscopy (XPS) studies before and after experiments showed the presence
of mainly Pd2+ ions in the catalyst indicating that they are the active sites of the reaction.
The authors also showed that sulfates accelerate the reaction by up to 70%. This could be
useful for practical applications.

Wang et al. [33] used a ruthenium pincer complex knitted in a porous organic polymer
(810 m2 g−1). Thermal gravimetric analysis revealed that the supported complex was
thermally stable up to 533 K. However, the TOF of 266 h−1 obtained at 363 K was not very
high. The authors proposed a mechanism for the formic acid decomposition and production
based on participation of Ru hydride in the reaction (Figure 3). For the decomposition, the
mechanism involves the dissociative formic acid adsorption and CO2 release followed by
H2 release. It is interesting that N sites of the complex provide deprotonation of the formic
acid through dissociation of the O–H bond.
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Figure 3. Proposed mechanism for the Ph-PN3P Ru-catalyzed formic acid dehydrogenation and CO2

hydrogenation. Reprinted with permission from [33].

Solakidou et al. [34] showed that amino functionalized silica (H2N@SiO2) significantly
increases the TOFs of the hydrogen production from formic acid by a (Ru/P(CH2CH2PPh2)3)
homogeneous catalyst. The maximal TOF reached 983 h−1 at 363 K. They observed a sig-
nificant decrease of the apparent activation energy from 41 kJ mol−1 to 28 kJ mol−1 and
supposed that the H2N@SiO2 particles play a dual role: they act as a co-catalyst for deproto-
nating formic acid by amine groups, and they serve as a template, which stabilizes the metal
complex on its surface, thus promoting formate decomposition via (RuII-hydride) species.

Bavykina et al. [35] used a Ru complex supported on covalent triazine framework
(RuII(η6-C6H6)/CTF) and obtained high TOF values at 353 K in base free conditions
(without Na formate) (4020 h−1, Table 1).

Hausoul et al. [36] studied the effect of the nature of polymeric support on the
properties of a Ru complex in the hydrogen production from formic acid. Polymeric
analogs of PPh3 (pTPP), 1,2-bis(diphenylphosphino)ethane (pDPPE) (Figure 4), and 1,2-
(diphenylphosphino)benzene (pDPPBe) have been tested. The highest TOF of 22,900 h−1

was obtained with a RuCl2(p-cymene)/pDPPE catalyst at 433 K (Table 1). The catalyst
performed efficiently in solutions with up to 30 wt % formic acid. It is seen in Figure 5a that
the activity of the unsupported (RuCl2(p-cymene)(PPh3)) complex is significantly lower
than those of the supported complexes. The kinetics of the reaction was featured by an
induction period and a pseudo-zero-order dynamics of the pressure increase. Recycling
experiments revealed only low leaching and a small decrease in the activity over 7 runs. A
Ru/C catalyst with nanoparticles gave a significantly lower activity, lower selectivity and
leaching of Ru to the reaction solution.

Figure 4. pDPPE.
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Figure 5. (a) Reactor pressure in the Ru-catalyzed decomposition of aqueous formic acid at 433 K.
(b) Effect of admixtures on decomposition of formic acid on the Ru@pDPPE catalyst. Reprinted with
permission from [36].

The same authors studied the decomposition of formic acid in solutions with other
substances (Figure 5b). It is seen that levulinic acid (LA) and sulfuric acid retard the
reaction, but they do not poison the catalyst completely. This is important to know for
development of future biorefineries involving the process of conversion of biomass to
hydrogen through the formic acid production [7,8] (Figure 1).

Beloqui Redondo et al. [37] used a 0.4 wt % Ru phosphine complex supported on a
metal organic framework (MOF) for the gas phase decomposition of formic acid at 418 K.
They obtained 99% selectivity and TOF of 2300 h−1 (Table 1). This TOF is sufficiently
high for the gas phase decomposition. The authors indicated that phosphine species
interact with Ru species providing the formation of Ru single-sites on the MOF support.
Amine linkers present in the support could activate formic acid for the reaction through
deprotonation. The authors observed an induction period, which was assigned to removal
of chloride ligands from the metal complex followed by coordination of formates. However,
the Brunauer–Emmett–Teller (BET) surface area of their catalyst decreased significantly
after the reaction. It is not clear whether this will take place further and affect negatively
the catalytic reaction.

3. Supported Iridium Complexes

As we showed above, several Ru complexes, which are very active in the formic
acid decomposition, involve phosphine ligands. Broicher et al. [38] indicated that P-based
ligands are sensitive to oxidation, while N-based ligands show a great advantage allowing
handling and storage of the catalyst in air. In this section, we will consider Ir complexes,
which are mainly attached to N-containing ligands of the support.

Bavykina et al. [35] have used an [IrCp*(OH)](OTf)2 complex (OTf-triflate) to deposit
over a covalent triazine framework (CTF) prepared at 773 K with a high surface area
(Figure 6a,b). OTf was washed out during the recycling of the catalyst, pointing that
formate replaces triflate. The TOFs of the catalysts with a low concentration of the metal
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complex (0.2 wt %) were higher than those of the catalysts with a high concentration and
corresponded to 27,000 h−1 (Table 1).

Figure 6. (a) Covalent triazine framework (CTF) support unit, (b) [IrCp*(OH)](OTf)2 complex
attached to the CTF support, and (c) scheme showing a catalytic cycle within the CTF support
involving the steps of (1) formic acid interaction, (2) β-hydride elimination, and (3) hydrogen release.
Adapted with permission from [35].

The authors tested the catalyst’s durability in continuous mode. Thus, a highly
concentrated formic acid solution (88 wt %) was fed to a reactor at 353 K. At termination
of this experiment, a turnover number (TON = the number of H2 molecules related to the
number of metal sites) of 1,060,000 was obtained, which demonstrates that the catalyst is
highly durable and can be used in devices producing hydrogen.

Figure 6c displays possible molecular pathways for the system [35], which consist
of the three main steps: (1) formic acid deprotonation, (2) β-hydride elimination and (3)
hydrogen release. The deprotonation is important and takes place on free pyridinic sites
that provide basicity of the CTF support. The hydrogen release step has been proposed to
be rate-determining.

Gunasekar et al. [39] studied an [IrCp*Cl2]2 complex supported on CTFs prepared at
different temperatures 673 and 773 K. The activity of the supported complex was higher
than that of the homogeneous complex. The TOFs were, however, lower than those
obtained by Bavykina et al. [35] and corresponded to 7930 h−1 at 363 K. This could be
related to a much higher concentration of metal in the samples. The TOF for the similar
supported RhCp* complex was lower than that of the IrCp* complex.

Shen et al. [30] studied an IrCp*Cl2 complex supported on porous polypyrrole particles
(500 nm) with a BET surface area of 51 m2 g−1 (Table 1). The TOF was very high in the
presence of sodium formate and equal to 46,000 h−1 at 363 K. The apparent activation
energy in the formic acid decomposition in the absence of sodium formate corresponded
to 63 kJ mol−1 and in the presence of sodium formate it was approximately the same
(66 kJ mol−1). When 1.0 M formic acid solution flowed into a tubular reactor (55 × 9 mm)
with a catalyst containing 250 mg of the IrCp*Cl2(polypyrolle) complex at 313 K, the initial
hydrogen evolving rate was 5.6 mL min−1, which could generate about 1.1 W electric
power through a proton-exchange membrane fuel cell. The authors noted that this value
was sufficient to drive, for example, a personal mobile phone.
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Recently, Broicher et al. [38] also used an [IrCp*Cl2]2 complex as a precatalyst and
a conjugated microporous polymer (CMP) with bipyridine groups as a support. The
combination of those gave an Ir@CMP catalyst (Figure 7). This catalyst showed a record
value of TOF of 123,894 h−1 at 433 K (Table 1), relatively high apparent activation barrier
of 90 kJ mol−1 and low leaching. The CO content was stable in the range around 68 ppm.
Complete conversion of formic acid could be reached.

Figure 7. Ir@CMP catalyst.

In the same conditions a commercial Ir/C catalyst with nanoparticles demonstrated a
strong leaching and gave a low conversion of formic acid confirming that Ir nanoparticles
are not active in the reaction. Application of the [IrCp*Cl2]2 complex without bipyridine
ligands as a catalyst gave also only a low conversion. At the same time, the [IrCp*Cl2/2,2-
bipy] complex showed a high activity of 43,051 h−1 at 433 K demonstrating the need for
bipyridine ligands. The activity of the supported 1 wt % Ir@CMP catalyst (Figure 8) was
close (35,246 h−1) indicating that the heterogenization affected only weakly. After the
reaction, a significant amount of nanoparticles (up to 5 nm) was found in the sample,
demonstrating that the measured activity is really caused by a low number of active sites
with a very high activity. This point is also supported by a study of the effect of variation
of metal loading showing that the TOFs are higher for the catalysts with a low content of
metal complex (Figure 8) in accordance with the data of Bavykina et al. [35].

Figure 8. Effect of concentration of IrCp* complex supported on bipyridine-based conjugated
microporous polymer on the TOFs in formic acid decomposition. The data are taken with permission
from Reference [38].

4. Supported Iron Complexes

The use of efficient non-noble metal catalysts would be a good choice for the hydro-
gen production from formic acid decomposition. Boddien et al. [40] proposed different
homogeneous Fe containing complexes for this reaction. Using a mixture of 0.005 mol%
Fe(BF4)2·6H2O and tris[(2-diphenylphosphino)ethyl]phosphine [P(CH2CH2PPh2)3] to a
solution of formic acid in propylene carbonate, without other additives or bases, obtained a
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TOF value up to 9425 h−1 and a TON value of more than 92,000 at 353 K [40]. The apparent
activation energy corresponded to 77 kJ mol−1 and the CO content did not exceed 20 ppm.
However, the catalyst was completely poisoned and became inactive after 16 h of the
continuous reaction. This was assigned to chloride and/or water admixtures accumulation
on the catalyst.

Later, Stathi et al. [41] successfully heterogenized Fe phosphine complexes on the
surface of two types of silica modified with phosphines (Figure 9a). Heterogenization of
the Fe(II)/P(CH2CH2PPh2)3 system increased its TOF by 1.7 times as compared to the
homogeneous catalyst and was in the range of 6000–8000 h−1 (Table 1). The reaction
was performed in propylene carbonate solvent. The apparent activation energies were
significantly lower than that of the homogeneous complex and corresponded to 51 kJ mol−1

and 43 kJ mol−1 for FeII/RPPh2@SiO2 and FeII/polyRPhphos@SiO2, respectively. The
authors indicated that the possible rate determining steps could be hydride elimination or
direct hydride transfer from formate to Fe. No leaching of iron in the reaction solution was
found. The FeII/RPPh2@SiO2 catalyst showed a TON of higher than 176,000.

Figure 9. (a) Silica supports modified with phosphines. (b) Effect of water addition on the formic
acid decomposition over supported Fe containing catalysts at 373 K. Reprinted with permission
from [41].

The authors observed an inhibitory water effect (Figure 9b), but it was reversible, since
the catalyst could be reactivated by a simple washing. This result is important to know,
since formic acid always contains a small amount of water, which can be formed together
with carbon monoxide due to self-decomposition of formic acid taking place during its
storage [42]. This effect is more significant at high concentrations of formic acid.
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5. Discussion

The summarized data for the key catalysts with supported Ru, Ir and Fe complexes
for the hydrogen production from formic acid are shown in Table 1. Other metal complexes
are almost not studied. The table can help to choose the optimal catalysts corresponding to
certain conditions of the reaction. However, it is not easy to compare the activity of the
catalysts (TOFs) presented in Table 1, since the conditions of the reaction and concentrations
of the active component in the catalysts were different. Moreover, some experiments have
been performed in the presence of sodium formate. Basic additives to the reaction mixture
or basic sites of the catalysts/supports are known to promote significantly the reaction.
They deprotonate formic acid to formate species. Deprotonation of formic acid can be
provided also by traditional oxide supports having basic sites [43] and by introduction of
alkali metals promoters to supported metal catalysts [44–46]. Deprotonation provided by
pyridinic N sites of N-doped carbon support was also reported for the catalysts with single
metal atoms [47,48]. In this case, it reminds the effect of basic amine additives.

As for catalysts with nanoparticles, the steady-state TOF values obtained for the gas-
phase reaction over a Pd/C catalyst doped with K ions with 3–4 nm Pd nanoparticles did
not exceed 3600 h−1 at 353 K [44,45]. For the liquid-phase reaction and Pd nanoparticles
(~1.4 nm) supported on N-doped carbon, the initial values were higher and reached
8414 h−1 at 333 K in the presence of sodium formate [22]. Some supported catalysts with
nanoparticles (Ir/C [38] and Ru/C [36]) were used for comparison of the activity with
supported metal complexes (Table 1). It was shown that their activity is negligible as
compared with the activity of supported metal complexes. The disadvantage of these
comparisons was that the mean sizes of nanoparticles in the catalysts with nanoparticles
were not reported.

In contrast, some homogeneous complexes showed much higher TOFs than those
of the supported metal complexes (Table 1). The values in the range 250,000–322,000 h−1

for temperatures 363 and 373 K have been reported by a few groups of authors [21,23,24].
These complexes are also based on Ir [23,24] and Ru [21]. It would be useful to immobilize
them on some supports in order to have an opportunity to separate easily the obtained
catalyst from the reaction mixture.

As it is shown above (Figure 8), concentration of a metal complex is an important
factor determining TOFs. Interesting that at a lower concentration of a metal complex
higher TOFs were observed. In this case, the active sites could be stabilized by specific
support sites. The nature of these active sites should be studied using advanced methods
like extended X-ray absorption fine structure (EXAFS) combined with X-ray absorption
near edge structure (XANES) preferably in situ. Using density functional theory (DFT)
calculations may assist in understanding the structure of these active sites. There is an
evident lack of such studies. The progress in understanding may lead to development of a
targeted synthesis of the catalysts with these very active sites.

6. Conclusions

Therefore, the analysis of the literature showed that immobilization of Ru, Ir and Fe
complexes on some polymers, covalent triazine frameworks, metal organic frameworks or
silica modified with phosphines is promising for the hydrogen production from formic acid
in terms of activity of the catalysts and possibility to separate the catalysts from the reaction
mixture. Supported Ir complexes were normally more efficient than the supported Ru
complexes. Thus, the maximal TOF value was reached for the IrCp* complex supported on
the bipyridine-based conjugated microporous polymer and corresponded to 123,894 h−1 at
433 K. In part, the high activity of Ir complexes could be provided by the presence of basic
N sites of the supports which deprotonate formic acid for further easier decomposition of
the formed formate species with participation of the Ir atoms. Yet, the activities of some
homogeneous metal complexes were higher and reached 322,000 h−1.

A strong concentration effect of metal complexes was observed demonstrating that at
a small concentration of supported metal complex higher TOFs are obtained than those at a
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high concentration. This effect is not related to nanoparticles formation. Finally, non-noble
metal supported Fe complexes were efficient in the reaction provided the contents of water
and chlorine ions in the solution were negligible.

Funding: The work was funded by the Russian Science Foundation (grant 17-73-30032).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. IEA. The Future of Hydrogen. Available online: www.iea.org/reports/the-future-of-hydrogen (accessed on 26 February 2021).
2. Preuster, P.; Papp, C.; Wasserscheid, P. Liquid Organic Hydrogen Carriers (LOHCs): Toward a Hydrogen-free Hydrogen Economy.

Acc. Chem. Res. 2017, 50, 74–85. [CrossRef] [PubMed]
3. Rao, P.C.; Yoon, M. Potential Liquid-Organic Hydrogen Carrier (LOHC) Systems: A Review on Recent Progress. Energies 2020, 13,

6040. [CrossRef]
4. Bulushev, D.A.; Ross, J.R.H. Towards Sustainable Production of Formic Acid. ChemSusChem 2018, 11, 821–836. [CrossRef]
5. Gromov, N.V.; Medvedeva, T.B.; Rodikova, Y.A.; Babushkin, D.E.; Panchenko, V.N.; Timofeeva, M.N.; Zhizhina, E.G.; Taran,

O.P.; Parmon, V.N. One-pot synthesis of formic acid via hydrolysis–oxidation of potato starch in the presence of cesium salts of
heteropoly acid catalysts. RSC Adv. 2020, 10, 28856–28864. [CrossRef]

6. Preuster, P.; Albert, J. Biogenic Formic Acid as a Green Hydrogen Carrier. Energy Technol. 2018, 6, 501–509. [CrossRef]
7. Zhang, P.; Guo, Y.-J.; Chen, J.; Zhao, Y.-R.; Chang, J.; Junge, H.; Beller, M.; Li, Y. Streamlined hydrogen production from biomass.

Nat. Catal. 2018, 1, 332–338. [CrossRef]
8. Park, J.-H.; Lee, D.-W.; Jin, M.-H.; Lee, Y.-J.; Song, G.-S.; Park, S.-J.; Jung, H.J.; Oh, K.K.; Choi, Y.-C. Biomass-formic acid-hydrogen

conversion process with improved sustainability and formic acid yield: Combination of citric acid and mechanocatalytic
depolymerization. Chem. Eng. J. 2020, 127827. [CrossRef]

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

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

11. Heeres, H.; Handana, R.; Chunai, D.; Borromeus Rasrendra, C.; Girisuta, B.; Jan Heeres, H. Combined dehydration/(transfer)-
hydrogenation of C6-sugars (D-glucose and D-fructose) to γ-valerolactone using ruthenium catalysts. Green Chem. 2009, 11,
1247–1255. [CrossRef]

12. Sun, Y.; Xiong, C.; Liu, Q.; Zhang, J.; Tang, X.; Zeng, X.; Liu, S.; Lin, L. Catalytic Transfer Hydrogenolysis/Hydrogenation of
Biomass-Derived 5-Formyloxymethylfurfural to 2, 5-Dimethylfuran Over Ni–Cu Bimetallic Catalyst with Formic Acid As a
Hydrogen Donor. Ind. Eng. Chem. Res. 2019, 58, 5414–5422. [CrossRef]

13. Nagaiah, P.; Gidyonu, P.; Ashokraju, M.; Rao, M.V.; Challa, P.; Burri, D.R.; Kamaraju, S.R.R. Magnesium Aluminate Supported Cu
Catalyst for Selective Transfer Hydrogenation of Biomass Derived Furfural to Furfuryl Alcohol with Formic Acid as Hydrogen
Donor. ChemistrySelect 2019, 4, 145–151. [CrossRef]

14. Fu, Z.; Wang, Z.; Lin, W.; Song, W.; Li, S. High efficient conversion of furfural to 2-methylfuran over Ni-Cu/Al2O3 catalyst with
formic acid as a hydrogen donor. Appl. Catal. A Gen. 2017, 547, 248–255. [CrossRef]

15. Bulushev, D.A.; Ross, J.R.H. Catalysis for conversion of biomass to fuels via pyrolysis and gasification: A review. Catal. Today
2011, 171, 1–13. [CrossRef]

16. Chesnokov, V.V.; Dik, P.P.; Chichkan, A.S. Formic Acid as a Hydrogen Donor for Catalytic Transformations of Tar. Energies 2020,
13, 4515. [CrossRef]

17. Bulushev, D.A.; Bulusheva, L.G. Catalysts with single metal atoms for the hydrogen production from formic acid. Catal. Rev.
2021, 1–40. [CrossRef]

18. Li, Z.; Xu, Q. Metal-Nanoparticle-Catalyzed Hydrogen Generation from Formic Acid. Acc. Chem. Res. 2017, 50, 1449–1458.
[CrossRef]

19. Stathi, P.; Solakidou, M.; Louloudi, M.; Deligiannakis, Y. From Homogeneous to Heterogenized Molecular Catalysts for H2
Production by Formic Acid Dehydrogenation: Mechanistic Aspects, Role of Additives, and Co-Catalysts. Energies 2020, 13, 733.
[CrossRef]

20. Laurenczy, G.; Dyson, P.J. Homogeneous Catalytic Dehydrogenation of Formic Acid: Progress Towards a Hydrogen-Based
Economy. J. Braz. Chem. Soc. 2014, 25, 2157–2163. [CrossRef]

21. Filonenko, G.A.; van Putten, R.; Schulpen, E.N.; Hensen, E.J.M.; Pidko, E.A. Highly Efficient Reversible Hydrogenation of Carbon
Dioxide to Formates Using a Ruthenium PNP-Pincer Catalyst. ChemCatChem 2014, 6, 1526–1530. [CrossRef]

18



Energies 2021, 14, 1334

22. Onishi, N.; Iguchi, M.; Yang, X.; Kanega, R.; Kawanami, H.; Xu, Q.; Himeda, Y. Development of Effective Catalysts for Hydrogen
Storage Technology Using Formic Acid. Adv. Energy Mater. 2019, 9, 1801275. [CrossRef]

23. Papp, G.; Ölveti, G.; Horváth, H.; Kathó, Á.; Joó, F. Highly efficient dehydrogenation of formic acid in aqueous solution catalysed
by an easily available water-soluble iridium(iii) dihydride. Dalton Trans. 2016, 45, 14516–14519. [CrossRef] [PubMed]

24. Wang, W.-H.; Ertem, M.Z.; Xu, S.; Onishi, N.; Manaka, Y.; Suna, Y.; Kambayashi, H.; Muckerman, J.T.; Fujita, E.; Himeda, Y.
Highly Robust Hydrogen Generation by Bioinspired Ir Complexes for Dehydrogenation of Formic Acid in Water: Experimental
and Theoretical Mechanistic Investigations at Different pH. ACS Catal. 2015, 5, 5496–5504. [CrossRef]

25. Yermakov, Y.I.; Kuznetsov, B.N.; Zakharov, V.A. Chapter 1: Introduction to the Field of Catalysis by Supported Complexes. In
Studies in Surface Science and Catalysis; Elsevier: Amsterdam, The Netherlands, 1981; Volume 8, pp. 1–58. [CrossRef]

26. Álvarez, A.; Bansode, A.; Urakawa, A.; Bavykina, A.V.; Wezendonk, T.A.; Makkee, M.; Gascon, J.; Kapteijn, F. Challenges in
the Greener Production of Formates/Formic Acid, Methanol, and DME by Heterogeneously Catalyzed CO2 Hydrogenation
Processes. Chem. Rev. 2017, 117, 9804–9838. [CrossRef]

27. Bulushev, D.A.; Ross, J.R.H. Heterogeneous catalysts for hydrogenation of CO2 and bicarbonates to formic acid and formates.
Catal. Rev. 2018, 60, 566–593. [CrossRef]

28. Gan, W.; Dyson, P.J.; Laurenczy, G. Hydrogen storage and delivery: Immobilization of a highly active homogeneous catalyst for
the decomposition of formic acid to hydrogen and carbon dioxide. React. Kinet. Catal. Lett. 2009, 98, 205. [CrossRef]

29. Gan, W.; Dyson, P.J.; Laurenczy, G. Heterogeneous Silica-Supported Ruthenium Phosphine Catalysts for Selective Formic Acid
Decomposition. ChemCatChem 2013, 5, 3124–3130. [CrossRef]

30. Shen, Y.; Zhan, Y.; Bai, C.; Ning, F.; Wang, H.; Wei, J.; Lv, G.; Zhou, X. Immobilized iridium complexes for hydrogen evolution
from formic acid dehydrogenation. Sustain. Energy Fuels 2020, 4, 2519–2526. [CrossRef]

31. Yuranov, I.; Autissier, N.; Sordakis, K.; Dalebrook, A.F.; Grasemann, M.; Orava, V.; Cendula, P.; Gubler, L.; Laurenczy, G.
Heterogeneous Catalytic Reactor for Hydrogen Production from Formic Acid and Its Use in Polymer Electrolyte Fuel Cells. ACS
Sustain. Chem. Eng. 2018, 6, 6635–6643. [CrossRef]

32. Zhao, Y.; Deng, L.; Tang, S.-Y.; Lai, D.-M.; Liao, B.; Fu, Y.; Guo, Q.-X. Selective Decomposition of Formic Acid over Immobilized
Catalysts. Energy Fuels 2011, 25, 3693–3697. [CrossRef]

33. Wang, X.; Ling, E.A.P.; Guan, C.; Zhang, Q.; Wu, W.; Liu, P.; Zheng, N.; Zhang, D.; Lopatin, S.; Lai, Z.; et al. Single-Site Ruthenium
Pincer Complex Knitted into Porous Organic Polymers for Dehydrogenation of Formic Acid. ChemSusChem 2018, 11, 3591–3598.
[CrossRef]

34. Solakidou, M.; Deligiannakis, Y.; Louloudi, M. Heterogeneous amino-functionalized particles boost hydrogen production from
Formic Acid by a ruthenium complex. Int. J. Hydrogen Energy 2018, 43, 21386–21397. [CrossRef]

35. Bavykina, A.V.; Goesten, M.G.; Kapteijn, F.; Makkee, M.; Gascon, J. Efficient production of hydrogen from formic acid using a
Covalent Triazine Framework supported molecular catalyst. ChemSusChem 2015, 8, 809–812. [CrossRef]

36. Hausoul, P.J.C.; Broicher, C.; Vegliante, R.; Göb, C.; Palkovits, R. Solid Molecular Phosphine Catalysts for Formic Acid Decompo-
sition in the Biorefinery. Angew. Chem. Int. Ed. 2016, 55, 5597–5601. [CrossRef]

37. Beloqui Redondo, A.; Morel, F.L.; Ranocchiari, M.; van Bokhoven, J.A. Functionalized Ruthenium–Phosphine Metal–Organic
Framework for Continuous Vapor-Phase Dehydrogenation of Formic Acid. ACS Catal. 2015, 5, 7099–7103. [CrossRef]

38. Broicher, C.; Foit, S.R.; Rose, M.; Hausoul, P.J.C.; Palkovits, R. A Bipyridine-Based Conjugated Microporous Polymer for the
Ir-Catalyzed Dehydrogenation of Formic Acid. ACS Catal. 2017, 7, 8413–8419. [CrossRef]

39. Gunasekar, G.H.; Kim, H.; Yoon, S. Dehydrogenation of formic acid using molecular Rh and Ir catalysts immobilized on
bipyridine-based covalent triazine frameworks. Sustain. Energy Fuels 2019, 3, 1042–1047. [CrossRef]

40. Boddien, A.; Mellmann, D.; Gärtner, F.; Jackstell, R.; Junge, H.; Dyson, P.J.; Laurenczy, G.; Ludwig, R.; Beller, M. Efficient
Dehydrogenation of Formic Acid Using an Iron Catalyst. Science 2011, 333, 1733. [CrossRef] [PubMed]

41. Stathi, P.; Deligiannakis, Y.; Avgouropoulos, G.; Louloudi, M. Efficient H2 production from formic acid by a supported iron
catalyst on silica. Appl. Catal. A Gen. 2015, 498, 176–184. [CrossRef]

42. Hietala, J.; Vuori, A.; Johnsson, P.; Pollari, I.; Reutemann, W.; Kieczka, H. Formic Acid. In Ullmann’s Encyclopedia of Industrial
Chemistry; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2016; pp. 1–22. [CrossRef]

43. Zacharska, M.; Chuvilin, A.L.; Kriventsov, V.V.; Beloshapkin, S.; Estrada, M.; Simakov, A.; Bulushev, D.A. Support effect for
nanosized Au catalysts in hydrogen production from formic acid decomposition. Catal. Sci. Technol. 2016, 6, 6853–6860. [CrossRef]

44. Jia, L.; Bulushev, D.A.; Beloshapkin, S.; Ross, J.R.H. Hydrogen production from formic acid vapour over a Pd/C catalyst promoted
by potassium salts: Evidence for participation of buffer-like solution in the pores of the catalyst. Appl. Catal. B-Environ. 2014, 160,
35–43. [CrossRef]

45. Jia, L.; Bulushev, D.A.; Ross, J.R.H. Formic acid decomposition over palladium based catalysts doped by potassium carbonate.
Catal. Today 2016, 259, 453–459. [CrossRef]

46. Bulushev, D.A.; Zacharska, M.; Guo, Y.; Beloshapkin, S.; Simakov, A. CO-free hydrogen production from decomposition of formic
acid over Au/Al2O3 catalysts doped with potassium ions. Catal. Commun. 2017, 92, 86–89. [CrossRef]

19



Energies 2021, 14, 1334

47. Bing, Q.M.; Liu, W.; Yi, W.C.; Liu, J.Y. Ni anchored C2N monolayers as low-cost and efficient catalysts for hydrogen production
from formic acid. J. Power Sources 2019, 413, 399–407. [CrossRef]

48. Bulushev, D.A.; Sobolev, V.I.; Pirutko, L.V.; Starostina, A.V.; Asanov, I.P.; Modin, E.; Chuvilin, A.L.; Gupta, N.; Okotrub, A.V.;
Bulusheva, L.G. Hydrogen Production from Formic Acid over Au Catalysts Supported on Carbon: Comparison with Au Catalysts
Supported on SiO2 and Al2O3. Catalysts 2019, 9, 376. [CrossRef]

20



energies

Review

Hydrolytic Dehydrogenation of Ammonia Borane Attained by
Ru-Based Catalysts: An Auspicious Option to Produce
Hydrogen from a Solid Hydrogen Carrier Molecule

Miriam Navlani-García 1,*, David Salinas-Torres 2 and Diego Cazorla-Amorós 1

Citation: Navlani-García, M.;

Salinas-Torres, D.; Cazorla-Amorós,

D. Hydrolytic Dehydrogenation of

Ammonia Borane Attained by

Ru-Based Catalysts: An Auspicious

Option to Produce Hydrogen from a

Solid Hydrogen Carrier Molecule.

Energies 2021, 14, 2199. https://

doi.org/10.3390/en14082199

Academic Editor: Dmitri A. Bulushev

Received: 21 March 2021

Accepted: 13 April 2021

Published: 15 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Inorganic Chemistry and Materials Institute, University of Alicante, 03080 Alicante, Spain;
cazorla@ua.es

2 Department of Physical Chemistry and Materials Institute, University of Alicante, 03080 Alicante, Spain;
david.salinas@ua.es

* Correspondence: miriam.navlani@ua.es; Tel.: +34-965-903-400 (ext. 9150)

Abstract: Chemical hydrogen storage stands as a promising option to conventional storage methods.
There are numerous hydrogen carrier molecules that afford satisfactory hydrogen capacity. Among
them, ammonia borane has attracted great interest due to its high hydrogen capacity. Great efforts
have been devoted to design and develop suitable catalysts to boost the production of hydrogen
from ammonia borane, which is preferably attained by Ru catalysts. The present review summarizes
some of the recent Ru-based heterogeneous catalysts applied in the hydrolytic dehydrogenation of
ammonia borane, paying particular attention to those supported on carbon materials and oxides.

Keywords: ammonia borane; hydrogen production; hydrogen carrier; hydrogen storage;
Ru nanoparticles

1. Introduction

Energy demand has constantly increased in the last decades, which is closely linked to
the expanding population and increasing prosperity. Currently, about 80% of the world’s
energy supply comes from fossil fuels (i.e., coal, oil, and natural gas). However, their
utilization is inevitably associated with the emission of hazardous gases, which drives
the current global warming crisis. Currently, nearly 100% of the total CO2 emissions
originate from the combustion and processing of fossil fuels [1], and its concentration in
the atmosphere, which has experienced a great increase since the start of the Industrial
Revolution, is nowadays higher than 400 ppm [2].

Hence, the tremendous concerns about the environmental issues related to the use of
fossil fuels, together with their finite nature, is fostering the search toward the deployment
of renewable energy sources. Such an ambitious goal has been the central focus of many
investigations. In this sense, the use of hydrogen has tremendous hope for the use of
renewable energies in different industrial applications and the transport sector. This is
reflected in the constantly increasing number of publications in which its supremacy as an
outstanding energy vector is highlighted [3–7].

The use of hydrogen, produced from renewable energy sources, has significant benefits.
Its use has zero emission of greenhouse gases and it produces only water as a by-product.
Additionally, it has a high energy storage capacity on a gravimetric basis (120 MJ/kg),
which is much greater than those of gasoline (44.4 MJ/kg), diesel (45.4 MJ/kg), biodiesel
oil (42.2 MJ/kg), and natural gas (53.6 MJ/kg) [8]. However, against all the benefits of
hydrogen, its low volumetric energy density (i.e., 0.01 MJ/L at standard temperature and
pressure conditions (STP)), which is much lower than those of common fuels (gasoline
(34.2 MJ/L), diesel (34.6 MJ/L), biodiesel oil (33 MJ/L), and natural gas (0.0364 MJ/L))
limits its utilization as a fuel at ambient conditions. There are different options to increase
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the hydrogen energy density so that it can meet the target set by the U.S. Department of
Energy (DOE), which fixes the ultimate onboard hydrogen storage for light-duty fuel cell
vehicles at 0.065 kg H2/kg system and 0.050 kg/L, in gravimetric and volumetric basis,
respectively [9]. The most used options encompass physical methods such as hydrogen
liquefaction, compression, and adsorption in porous materials [10,11]. However, the harsh
conditions (such as very high pressure or extremely low temperature), and the high cost
associated with the infrastructure needed for the safe handling and storage of hydrogen
are important drawbacks of such physical storage methods.

In contrast, chemical storage methods stand up as a promising option, which is
particularly important for onboard automotive applications, in which the technologies
used in the physical methods do not fully meet the DOE targets for safe and inexpensive
hydrogen storage [12,13].

Chemical hydrogen storage refers to those processes in which molecular hydrogen is
released through a chemical reaction that starts when the hydrogen-containing molecule
(i.e., hydrogen carrier) is subjected to thermal or catalytic decomposition [14].

There are various hydrogen carrier molecules in both the liquid and solid phase.
Notable examples of those molecules, together with their hydrogen content (in wt. %) are
included in Table 1.

Table 1. Examples of hydrogen storage molecules.

Hydrogen Storage
Material

State
Hydrogen Content

in wt. %
Reference

NH3BH3 Solid 19.5 [15,16]
LiBH4 Solid 18.4 [17,18]
NaBH4 Solid 10.8 [19,20]
MgH2 Solid 7.6 [21,22]
NH3 Liquid 17.6 [23,24]

CH3OH Liquid 12.6 [25,26]
H2NNH2 Liquid 12.5 [27,28]

H2O Liquid 11.1 [29,30]
HCOOH Liquid 4.4 [31–33]

Seeking and exploring new hydrogen storage options are in continuous progress and sig-
nificant advances related to reversible hydrogen storage have been recently achieved [34–37].
In this review, we cover some of the most relevant recent strategies on hydrogen production
from NH3BH3 (ammonia borane, AB), which is the simplest nitrogen boron hydrogen com-
pound [38–40], and one of the most fruitfully investigated solid-state hydrogen-rich molecules.

AB is a white crystalline solid at room temperature, which was first prepared by Shore
and Parry in 1955 [41], and it has received tremendous attention due to several advan-
tages compared to other hydrogen carrier molecules such as its high hydrogen content
(19.6 wt. %; each equivalent yielding up to 3 equivalents of hydrogen), low molecular
weight (30.87 g mol−1), its stability in solid-state, and high solubility in water. Furthermore,
it is nonexplosive and non-flammable under standard conditions. AB has a high melting
point of 112 ◦C and a density of 0.74 g cm−3 [38].

AB has an equal number of protic Hδ+ (N-H) and hydridic Hδ− (B-H) hydrogens
in intra- and intermolecular interactions. It has heteropolar (N-H···H-B) and homopolar
(B-H···H-B) dihydrogen interactions, which are the origin of the intra- and intermolecular
dehydrogenation of AB [42]. It also has a strong B-N bond, so that the release of hydrogen
is more favored than the dissociation into NH3 and BH3 under most conditions [43].
AB can be synthesized in three different ways (i.e., Lewis acid–Lewis base exchange, salt-
metathesis followed by hydrogen release, and isomerization of the diammonate of diborane
([H2B(NH3)2]+[BH4]−)) [38].

The dehydrogenation of AB can be performed by either thermolysis, a process which
needs much thermal energy (it requires temperatures as high as 200 ◦C), or solvolysis
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in protic solvents (i.e., hydrolysis in water (Equation (1)) and methanolysis in methanol
(Equation (2)) and dehydrocoupling in nonprotic solvents (Equations (3) and (4)) [44].

NH3BH3 (aq) + 2H2O (l) → NH4·BO2 (aq) + 3H2 (g) (1)

NH3BH3 (sol) + 4CH3OH (l) → NH4·B(OCH3)4 (sol) + 3H2 (g) (2)

nNH3BH3 (sol) → (NH2BH2)n (s or sol) + nH2 (g) (3)

nNH3BH3 (sol) → (NHBH)n (s or sol) + nH2 (g) (4)

AB solvolysis can afford 3 equivalents of molecular hydrogen at moderate temper-
atures upon utilization of a proper catalyst, so this is the preferred option. The dehydro-
genation of amine-borane adducts catalyzed by transition-metals dates back to the late
1980s [45], but its application in the production of hydrogen is still drawing great interest in
the research community, as can be seen in the increasing number of publications reported
per year (see Figure 1).

Figure 1. Number of publications in the last 10 years found on the ISI Web of Science for the entry
“hydrogen production and ammonia borane”.

Both homogeneous and heterogeneous catalytic systems have been explored, but
the advantages of heterogeneous catalysts make these systems preferred from a practical
point of view. There is vast literature reported on the hydrolytic dehydrogenation of AB,
highlighting those contributions made by Yamashita et al. [46–54], Özkar et al. [55–58], and
Xu et al. [44,59–62].

Among the heterogeneous catalysts, systems based on ruthenium nanoparticles (NPs)
have shown outstanding performances. Ru-based catalysts usually achieve complete AB
dehydrogenation, producing ~3 equivalents of hydrogen in short reaction times, and with
thermo-controllable reaction rates. The hydrolysis rate is also frequently related to the
amount of catalyst and AB, but the hydrolysis rate is frequently found as zero-order relation
or quasi-zero-order relation with the concentration of AB [63].

It is worth mentioning that despite the intense efforts devoted to unveiling the mecha-
nism of the hydrolytic dehydrogenation of ammonia borane, there are still some aspects
that remain unclear (e.g., rate-determining steps, the order of bond cleavages, etc.) [64]. For
instance, Xu et al. postulated that the interaction between AB molecules and the surface of
the metal active phase gives rise to the formation of activated complex species, which are
attacked by a molecule of H2O, leading to the concerted dissociation of the B-N bond and
the hydrolysis of the BH3 intermediate to form BO2, releasing H2 [65]. Fu et al. proposed a
mechanism that proceeds via an almost self-powered process that involves the formation of
BH3OH− and NH4

+, followed by the attack of adjacent H2O to generate H2 [66]. Na et al.
suggested that the mechanism is very similar to that of the hydrolytic dehydrogenation
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of sodium borohydride, and proceeds via dissociative adsorption of ammonia borane on
Ru surface [67]. More recently, Liu et al. claimed that the hydrogen production from
AB attained by noble metal catalysts occurs via the following steps: (1) AB molecules
interact with the surface of the catalyst to form a complex; (2) A molecule of H2O attacks to
AB-catalyst complex; and (3) AB and H2O each lose a hydrogen atom to form H2. Such a
mechanism is illustrated in Figure 2 [63].

Figure 2. Mechanism proposed for hydrogen production from the hydrolysis of ammonia borane
(AB). Adapted from [63].

It is evident that the catalyst’s nature plays a crucial role in controlling the whole
reaction. Most of the studies reported on Ru-based catalysts for the hydrolytic dehydro-
genation of AB are focused on elucidating the role of the features of the metal active phase
(i.e., size, morphology, incorporation of a second and third metal in the nanoparticles,
etc.), while less attention has been paid to the properties of the support. We divided this
manuscript into several sections, which contain a review of representative catalytic systems
based on monometallic Ru NPs and supports of a diverse nature, which have been used
for the hydrolytic dehydrogenation of AB. As a summary, Table 2 includes representative
examples of Ru-based catalysts supported on carbon materials, oxides, metal organic
frameworks (MOF), and some other less explored supports, together with the turnover
frequency values achieved (TOF; in molH2·molRu

−1·min−1) and the calculated activation
energy (Ea; in kJ mol−1).

Table 2. Catalytic activity of heterogeneous Ru-based catalysts used for the hydrolytic dehydrogena-
tion of ammonia borane (AB).

Catalyst TOF (molH2·molRu
−1·min−1) Ea (kJ mol−1) Reference

Ru/Graphene 100 11.7 [68]
Ru/NC-Fe 102.9 47.42 [69]

Ru/nanodiamond 229 50.7 [70]
CF-BT-Ru 322 32.41 [71]

Ru(0)@MWCNT 329 33 [72]
Ru/BC-hs 354 45.72 [73]
Ru/PPC 413 35.2 [74]

Ru/C 429.5 34.81 [75]
Ru/HPCM 440 43.0 [76]
Ru/g-C3N4 459.3 37.4 [77]

Ru/Graphene 600 12. 7 [78]
Ru/C(800) 670 14.3 [79]
Ru/BC-1 718 22.8 [80]
Ru/NPC 813 24.95 [81]

Ru(0)/SiO2-CoFe2O4 172 45.6 [82]
Ru@SiO2 200 38.2 [83]

Ru(1)@S1B-C10 202.4 24.13 [84]

24



Energies 2021, 14, 2199

Table 2. Cont.

Catalyst TOF (molH2·molRu
−1·min−1) Ea (kJ mol−1) Reference

Ru@SBA-15 316 34.8 [85]
Fe3O4@SiO2-NH2-Ru 617 15.05 [86]

Ru@Al2O3 83.3 - [87]
Ru/γ-Al2O3 256 - [88]

Ru/Al2O3-NFs 327 36.1 [89]
Ru(0)/TiO2 241 70 [90]
Ru0/HfO2 170 65 [91]
Ru/MIL-96 231 47.7 [92]

Ru@MIL-53(Cr) 260. 8 28.9 [93]
Ru@MIL-53(Al) 266.9 33.7 [93]

Ru/MIL-53(Al)-NH2 287 30.5 [94]
Ru/PAF-72 294 - [95]

Ru/Mg2Al-LDH-h 85.7 50.3 [96]
Ru/Mg1Al1-LDHs 137.1 30.8 [97]

CF-BT-Ru 322 32.41 [71]

2. Hydrolytic Dehydrogenation of Ammonia Borane (AB) over Carbon
Material-Supported Catalysts

Several catalytic supports have been explored for the synthesis of highly efficient
catalysts for the hydrolytic dehydrogenation of AB. Carbon materials are one of the most
intensively studied and the resulting catalysts have given very interesting results.

Akbayrak and Özkar explored the performance of catalysts supported on multi-
walled carbon nanotubes (Ru(0)@MWCNT) by evaluating the activity of in-situ formed Ru
nanoparticles (NPs) [72]. The resulting NPs had an average particle size range of 1.4–3.0 nm
and were well-dispersed on the support. The effect of the Ru content was evaluated by
checking the activity (in mL of H2/min) of catalysts with metal contents of 0.73, 1.47, 1.91,
2.26, and 2.83 wt. %. Among those investigated, the sample with 1.91 wt. % displayed the
best activity, with a TOF = 329 min−1 (molH2·molRu

−1·min−1). That catalyst was evaluated
during four consecutive reaction cycles and it preserved 41% of its initial activity. Doe et al.
also checked the performance of MWCNT-supported Ru catalysts with Ru(NH3)6Cl3 as
the metal precursor and using electrostatic adsorption (EA) and incipient wetness impreg-
nation (IWI) methods [98]. Additionally, catalysts based on activated carbon and SiO2 were
prepared as reference materials. The Ru NPs were located on the external surface after
both EA and IWI, and a smaller average size was achieved for the EA (2 and 3 nm for
Ru/MWCNT-EA and Ru/MWCNT-IWI, respectively). Checking the performance of three
sets of catalysts supported on MWCNTs, activated carbon, and SiO2 with various average
NPs size, it was observed that in all cases the catalysts with larger NPs attained higher
reaction rates (expressed as turnover rates in molH2·molsurface Ru

−1·s−1), and higher TOF
values were achieved for the Ru/MWCNT catalysts. Among those evaluated in that study,
Ru/MWCNTs-EA produced the highest initial TOF value and the lowest activation energy,
which was attributed to the hydrogen spillover taking place on metal NPs supported
on CNTs.

Cheng et al. reported a simple method for the preparation of a Ru/graphene catalyst
synthesized from graphene oxide and RuCl3 using a one-step co-reducing approach with
methylamine borane (MeAB) [68]. The resulting catalyst was compared to those synthe-
sized by using different reducing agents, namely AB and NaBH4. It was observed that
the sample prepared with MeAB provided better results than those using AB or NaBH4,
which was attributed to a better control over nucleation and growth processes. It was
determined that the average NPs size was 1.2, 1.7, and 2.0 nm for the catalysts reduced
with MeAB, AB, and NaBH4, respectively, suggesting that the size of the NPs increased
as the reducing agent became stronger. The catalyst reduced with MeAB had a TOF of
100 molH2·molRu

−1·min−1, and activation energy of 11.7 kJ mol−1, and it retained 72% of
its initial activity after four reaction cycles. The same research group followed a very similar
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one-step co-reducing approach using ascorbic acid to synthesize Ru/graphene catalysts,
which resulted in much higher TOF values of 600 molH2·molRu

−1·min−1 and activation
energy of 12.7 kJ mol−1 [78], which pointed out the importance of the reducing agent in
controlling the final catalytic performance. The high TOF value achieved by Ru/graphene
was attributed to the narrow size distribution of the Ru NPs and the utilization of graphene
as a suitable support.

In the study of Ma and co-workers, [75] ligand-free Ru NPs supported on carbon
black were prepared in-situ from the reduction of the metal precursor (i.e., RuCl3) by AB
concomitantly with its hydrolysis. The resulting catalyst had an average nanoparticle size
of 1.7 nm and showed a TOF of 429.5 molH2·molRu

−1·min−1. In that case, the reusability
of the catalyst was checked during five consecutive reaction runs, after which it preserved
43.1% of its initial activity. The results of the characterization of the spent catalyst indicated
that there were neither metal leaching nor aggregation of the NPs, so that the activity loss
was attributed to an increasing concentration of the reaction products (i.e., metaborate and
Cl− ions) and their adsorption on the surface of the NPs. Furthermore, it was postulated
that the increase in the viscosity in the solution after several reaction cycles could impede
the diffusion of the reactant molecules and their collision with the Ru active sites.

Sun et al. studied the performance of poly(N-vinyl-2-pyrrolidone) (PVP)-stabilized Ru
NPs loaded onto bamboo leaf-derived porous carbon (Ru/BC) [80]. In that case, the NPs
were synthesized by in-situ reduction with AB using RuCl3·nH2O as a metal precursor and
with various PVP content (i.e., 0, 1, 3, 5, or 10 mg), which was used to avoid the agglomera-
tion of the NPs. The catalysts with the best activity among those investigated (i.e., Ru/BC
stabilized with 1 mg of PVP) displayed a TOF of 718 molH2·molRu

−1·min−1, and retained
nearly 56% of the initial catalytic activity after 10 consecutive reaction cycles. That stability
was much better than that of the PVP-free catalyst, which indicated the important role
of PVP in enhancing the recyclability of the catalysts by preventing the agglomeration of
the NPs. The same research group also investigated the performance of nitrogen-doped
(N-doped) porous carbon materials [81]. The support was prepared by hydrothermal
treatment of hydrochloride semicarbazide and glucose, and it was subsequently loaded
with the metal precursor. The resulting Ru/NPC catalyst completed the dehydrogenation
reaction in 90 s at room temperature, reaching a TOF of 813 molH2·molRu

−1·min−1. The
stability of the catalyst was checked by performing five consecutive runs, after which
67.3% of the initial activity was preserved, and the activity decay was attributed to the
agglomeration of the NPs.

Yamashita et al. addressed the preparation of highly efficient Ru/carbon catalysts
prepared by pyrolysis of a supported Ru complex (i.e., tri(2,2-bipyridyl) ruthenium (II)
chloride hexahydrate) [79]. In that study, the Ru catalysts were prepared by impregnating
a commercial activated carbon with the metal precursor and subsequent decomposition of
the metal complex by carrying out a heat treatment at temperatures ranging from 600 to
1000 ◦C (catalysts denoted as Ru/C(600)-(1000)). Transmission Electron Microscopy (TEM)
analysis confirmed the formation of Ru NPs even for the lowest temperatures used for
the decomposition of the metal complex. The average NP size strongly depended on
the decomposition temperature and ranged from 3.8 to 13.5 nm for the Ru/C catalysts.
Two additional reference samples were also synthesized: Ru/C(imp) prepared by the same
protocol using Ru(NO)(NO3)3 as the metal precursor, and the Ru/SiO2 catalyst prepared
from Ru(bpy)3

2+ and commercial fumed silica, with NP size of 3.3 and 2.0 nm, respectively.
The results of the catalytic activity indicated that complete conversion of AB was attained
with Ru/C(800), Ru/C(900) and Ru/C(1000), whereas it was not achieved with Ru/C(600),
Ru/C(700), Ru/C(imp), and Ru/SiO2. That observation led the authors to conclude that
under the experimental conditions used, relatively large NPs were preferred for the reaction.
Among those investigated, Ru/C(800) showed the most promising activity with an average
TOF number of 670 molH2·molRu

−1·min−1. That catalyst achieved 100% of conversion
even after four consecutive reaction runs, but the reaction rate was progressively sluggish.
A summary of the results of the catalytic activity of the materials assessed in that work is
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plotted in Figure 3. It was also concluded that the electronic properties of Ru NPs played
an important role in controlling the catalytic performance. It was claimed that Ru/C(800)
had an optimum proportion of oxidized Ru species, which are important in the reaction.

Figure 3. (a) Catalytic activity of the Ru-based catalysts in the AB hydrolysis reaction at 30 ◦C. (b) Turnover frequency (TOF)
number (molH2·molRu

−1·min−1) calculated at t = 5.5 min for the Ru/C samples prepared by Ru complex decomposition. The
average TOF numbers were calculated after performing three different catalytic tests. Adapted with permission from [79].

Gao et al. [70] studied the performance of Ru/nanodiamonds in the hydrolytic de-
hydrogenation of AB. That study was motivated by a wide variety of oxygen functional
groups present in the nanodiamonds, which were expected to serve as anchoring points for
the Ru NPs. Commercial nanodiamonds, with an average diameter of 5–10 nm were used
as the support and RuCl3 as the metal precursor, for the synthesis of catalysts with a metal
content of 3.22, 4.82, 6.21, and 8.05 wt. %. The TOF values showed a volcano-type tendency,
the best catalyst being that with a Ru content of 6.21 wt. % (229 molH2·molRu

−1·min−1).
The recyclability tests performed with that sample indicated that total conversion of AB
was achieved during four consecutive runs, but the TOF values decreased during the cycles,
which was related to the increase of the NPs from 3.7 to 5.1 nm and the increasing viscosity
and concentration of metaborate in the reaction solution.

Most of the catalysts used for the hydrolytic dehydrogenation of AB displayed good
reusability and attained total conversion during several consecutive reaction runs. How-
ever, the reaction is frequently sluggish and longer reaction times are needed to produce
3 equivalents of H2 per mole of AB, so the poor stability of the catalysts under reaction
conditions is one of the most addressed issues.

The stability of the catalysts was shown to improve upon utilization of supports with
abundant surface functional groups, which are known to increase the stability and reusabil-
ity of the catalysts [8]. That was the case of Fan et al., who developed catalysts consisting of
ultrafine and highly dispersed Ru NPs supported on N-doped carbon nanosheets formed
by a hierarchically porous carbon material (HPCM) [76]. Ru/HPCM had an average NP
size of 1.41 nm and narrow size distribution, which ranged from 0.6 nm to 2.0 nm. Such
ultrafine NPs were confined into the micropores and mesopores of the support, affording
numerous active sites and stabilizing the NPs from sintering under reaction conditions.
X-ray Photoelectron Spectroscopy (XPS) analysis confirmed the presence of pyridinic,
pyrrolic, and graphitic nitrogen. The importance of both pyridinic and graphitic nitrogen
in enhancing catalytic performance was pointed out in that study. Ru/HPCM was eval-
uated during eight consecutive reaction cycles, after which it retained 50% of its initial
activity. After that, the average NP size of the spent catalyst slightly increased to 1.47 nm
and the partial activity decay was related to the catalyst loss and the passivation effect of
metaborate ions formed along the recycling tests. The same group also synthesized Ru-
based catalysts supported on N-doped bagasse-derived carbon materials (BC-hs) [73]. That
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biomass residue, which has abundant negative oxygen and nitrogen functional groups, was
suitable for the interaction with Ru3+ cations of the metal precursor. Catalysts with various
metal contents (i.e., 2.5, 3.5, 4.5, and 5.5 wt. %) were synthesized by in-situ reduction
with AB, achieving homogeneously dispersed ultrafine Ru NPs. It was observed that the
best-performing catalyst preserved 80% of its TOF value after five runs, demonstrating the
suitability of the BC-hs support to stabilize the metal NPs. The partial loss of the activity
was attributed to changes in the NP size and loss of the catalyst during the separation and
washing steps.

Ma et al. used a support based on a N-doped porous carbon material (NC-Fe) using a
facile pyrolysis of a porous organic polymer (POP) synthesized from ferrocene carboxalde-
hyde and melamine as the starting materials [69]. The resulting Ru catalyst (Ru/NC-Fe)
achieved the total conversion of AB during five cycles, but the reaction was consider-
ably sluggish. That catalyst contained γ-Fe2O3, so it was easily recovered with a magnet.
The activity decay was attributed to both the metaborate formed in the reaction and the
agglomeration of the metal NPs.

Liu et al. used a N-enriched hierarchically macroporous-mesoporous carbon support
that was synthesized by a co-template evaporation-induced self-assembly approach with
SiO2 nanospheres as a macroporous hard template and F127 as a mesoporous soft template
and a soft nitriding by the low-temperature thermolysis of urea [99]. The resulting support,
denoted as hPCN, was loaded with Ru NPs (Ru@hPCN), and reference catalysts based
on pure macroporous and pure mesoporous support were also prepared (Ru@macroPCN
and Ru@mesoPCN, respectively). Ru@hPCN exhibited the best activity and total dehydro-
genation was finished in 120 s, while longer reaction times were required for the reference
samples and for a commercial Ru/C catalyst (160, 280, and 880 s, for Ru@macroPCN,
Ru@mesoPCN, and Ru/C, respectively). Such better performance of Ru@hPCN was also
evidenced by the higher TOF values achieved at 60 ◦C (1850, 1258, 902, and 308 min−1,
for Ru@hPCN, Ru@macroPCN, Ru@mesoPCN, and Ru/C, respectively). The reusability
of Ru@hPCN was evaluated during four consecutive reaction cycles and it was observed
that the NP size increased from 0.7 nm to 2.7 nm. Additionally, the amount of surface N
species decreased from 13.4 at. % to 2.3 at. %, which suggested that the N-enriched species
contributed to improving the catalytic performance by dissociating the electropositive Hδ+

from water molecules and the breakage of the B-N bonds.
Not only N-doped carbon materials, but also other N-containing carbon-based sup-

ports were shown to be effective in stabilizing Ru NPs for the hydrolytic dehydrogenation
of AB. For instance, Zheng et al. used hierarchical porous graphitic carbon nitride (g-C3N4)
nanosheets to anchor ultrafine Ru NPs [100]. In that case, the supports were prepared
from melamine and various amounts of NH4Cl as a dynamic gas template. The NPs were
encapsulated into the network of the g-C3N4 by the reduction of the metal precursor with
NaBH4 to achieve a final metal content of 1.91 wt. %. The characterization of the catalyst
indicated that the resulting NPs had a size that ranged from 1.9 to 5.1 nm and they exhibited
uniform dispersion onto the support. Among the synthesized supports, that prepared
with a melamine to NH4Cl mass ratio of 1:3 exhibited the highest surface area (SBET of
59 m2 g−1) and its counterpart Ru catalyst was selected to assess the performance in the
dehydrogenation of AB. That catalyst displayed satisfactory recyclability even after four
consecutive reaction cycles. The activity loss observed from the fifth cycle was attributed
to a particle aggregation of the NPs and to the accumulation of NH4BO2 species in the
reaction solution, which increases its viscosity and blocks the active sites of the catalyst.

Tang et al. also explored the suitability of Ru/g-C3N4 catalysts for the dehydrogena-
tion of AB [77]. In that case, the catalysts were prepared from urea and RuCl3. Catalysts
with various metal loadings (i.e., 4.10, 3.28, 2.46, and 1.64 wt. %) were synthesized. The
time needed for the reaction to be completed decreased to 3.5 min for the catalyst with
3.28 wt. %, which showed the highest TOF value (459.3 molH2·molRu

−1·min−1). Concern-
ing the recyclability of Ru/g-C3N4, it preserved 50% of the initial catalytic activity after
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the fourth run, and the activity loss was related to the increase of the size of the NPs from
2.8 nm to 4.1 nm and the adsorption of B species on the surface of the NPs.

Yamashita et al. also studied the performance of g-C3N4 supported Ru catalysts [101]. In
that case, carbon/g-C3N4 composites with various carbon contents (C(x)/g-C3N4; “x” is the
initial carbon weight per cent of 0.1, 0.5, 1.0, 2.0, and 4.0 wt. %, respectively) were synthesized
from glucose and dicyandiamide by a simple experimental procedure. The obtained supports
were subsequently impregnated with RuCl3·3H2O to obtain Ru NPs after reduction with
H2 gas at 300 ◦C. The incorporation of carbon was reported to extend the absorption of
the materials to the visible region of 480–800 nm compared to the pristine g-C3N4, so the
resulting Ru/C(x)/g-C3N4 were interesting photocatalysts for the dehydrogenation of AB
under visible-light irradiation. Additionally, the incorporation of carbon served to achieve
smaller Ru NPs than those achieved in the raw g-C3N4, which also affected the catalytic
activity. Figure 4 contains information on the catalytic activity displayed by Ru/C(x)/g-C3N4.
It was observed that the addition of moderated carbon contents in the catalysts enhanced the
activity compared to that displayed by Ru/g-C3N4, which was related to the smaller NPs
shown in those samples (Figure 4a). It was also seen that the reaction rate of all the materials
improved under visible light irradiation (Figure 4b), achieving the fastest reaction rate with
Ru/C(1.0)/g-C3N4.

Figure 4. (a) TOF (h−1) for Ru/C(x)/g-C3N4 as a function of the carbon content and average Ru NP size. (b) Initial reaction
rate for the dehydrogenation of AB as a function of the carbon content under dark conditions (solid bars) and visible light
irradiation (hollow bars). Adapted from [101].

Interesting results were also achieved by Fan et al., who synthesized phosphorus-
doped carbon-supported Ru catalysts (Ru/PPC) [74]. In that study, the supports were
prepared from hypercrosslinked polymer networks of triphenylphosphine and benzene,
and they were subsequently used for the synthesis of Ru catalysts with various metal
contents (i.e., 1.5, 2.5, 3.5, and 4.5 wt. %). Small and well-distributed Ru NPs were attained
in all the materials, the smallest for Ru/PPC with 3.5 wt. % of Ru (average size of 1.13 nm).
The catalytic activity was shown to be dependent on the metal content, achieving TOF
values of 174, 325, 413, and 290 molH2·molRu

−1·min−1 for catalysts with 1.5, 2.5, 3.5, and
4.5 wt. % of Ru, respectively. The stability of the most active material was evaluated during
four consecutive cycles, observing that its activity gradually decreased after the first run.
Such loss of activity was attributed to the NP sintering (from 1.13 to 2.47 nm) as well as the
catalyst loss in the separation and washing steps.

3. Hydrolytic Dehydrogenation of AB over Oxide-Supported Catalysts

As in most catalytic reactions, carbon materials are the most fruitfully studied supports.
However, interesting results have also been achieved with oxide-supported catalysts, with
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silica (SiO2) and alumina (Al2O3) the most investigated. Representative examples of such
systems are summarized in this section.

SiO2 has been shown to serve as a suitable support for the dehydrogenation of AB.
SiO2, with various structures and morphologies, have been nicely utilized for the develop-
ment of well-performing catalysts. For instance, Zhu et al. reported on Ru NPs confined in
SBA-15 (Ru@SBA-15) by using a double solvent approach (with hexane and water) [85].
Metal loadings of 0.5, 1.1, 2.1, 3.2, and 4.0 wt. % were used, which resulted in NPs with an
average size of 2.0 ± 0.6 nm, 2.2 ± 0.6 nm, 3.0 ± 0.8 nm, and 3.7 ± 0.7 nm, respectively.
Among investigated, Ru@SBA-15 with a metal content of 2.1 wt. % displayed the best
activity, which was also superior to those catalysts with non-confined NPs supported on
SBA-15 and SiO2. It also showed good durability after five consecutive reaction runs at
room temperature.

Chen et al. designed Ru catalysts supported on cubic 3D cage-type mesoporous silica
SBA-1 functionalized with carboxylic acid (Ru/S1B-C10) [84]. The carboxylic acid was
incorporated by co-condensation of tetraethyl orthosilicate (TEOS) and carboxyethylsilan-
etriol sodium salt in the presence of poly(acrylic acid) and hexadecylpyridinium chloride.
The –COOH groups were uniformly distributed within the mesopores of the support,
which assisted the preparation of well-dispersed and small Ru NPs. Catalysts with metal
loadings from 0.5 to 2.0 wt. % were synthesized with both –COOH free support (SIB-C0)
and –COOH containing support (S1B-C10). It was observed that while the average NP
size observed in Ru/S1B-C0 catalysts increased from 2.8 to 4.6 nm when the metal loading
increased from 0.5 to 2.0 wt. %, it only increased from 2.0 to 3.2 nm in Ru/SIB-C10 for
similar metal contents. Catalysts with 1 wt. % of Ru displayed better performance for both
SIB-C0 and SIB-C10 supports than materials with other Ru loadings. Among those investi-
gated, Ru(1)@S1B-C10 had the highest TOF value (202 molH2·molRu

−1·min−1), which was
attributed to the nanosized Ru particles and their good dispersion as well as the effect of
the pore confinement of the support. The reusability of the best-performing catalysts was
evaluated during five reaction cycles and even though the total conversion was achieved
in all cases, the reaction rates decreased with an increase in the number of cycling tests,
which was related to a partial metal leaching and restricted access of reactants to the Ru
active sites originated by the adsorption of metaborate on the surface of the NPs.

Yao el at. prepared core-shell Ru@SiO2 catalysts with various metal contents (i.e., 1.0,
2.0, 3.0, 4.0, 6.0, 8.0, and 10.0 wt. %), which consisted of Ru NPs of ~2 nm embedded in
the center of spherical SiO2 particles of ~25 nm [83]. Among those investigated, Ru@SiO2
with 6 wt. % of Ru loading exhibited the best performance for the production of H2
from AB, with a TOF of 200 molH2·molRu

−1·min−1. A much slower reaction rate was
observed for a supported Ru/SiO2 catalyst used as a reference sample, which was related
to the easy aggregation occurring in Ru/SiO2. The Ru@SiO2 core-shell catalyst displayed
good recycling stability for five cycles, but the reaction was progressively sluggish during
the cycles.

Özkar et al. explored the activity of catalysts formed by Ru NPs loaded on magnetic
silica-coated cobalt ferrite (Ru(0)/SiO2-CoFe2O4) [82]. That catalyst showed a moderated
activity, with a TOF of 172 molH2·molRu

−1·min−1 at room temperature, but excellent
recyclability during 10 reaction runs, preserving 94% of the initial activity. After each
reaction cycle, the spent catalyst was isolated using a permanent magnet, and no metal
leaching was detected.

Onat et al. [86] also developed SiO2-based magnetic core-shell catalysts. In that study,
Ru NPs were loaded on amino functionalized silica-covered magnetic NPs (Fe3O4@SiO2-
NH2-Ru), and the resulting catalysts were evaluated in the dehydrogenation of AB. It
was claimed that the amine group served to increase the electron transfer from the core-
shell Fe3O4@SiO2 structure to the surface of the Ru NPs, which resulted in enhanced
catalytic activity in the production of H2. The developed catalyst had a TOF value of
617 molH2·molcat

−1·min−1 and showed good stability during eight reaction cycles.
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Al2O3 has also been applied for the synthesis of Ru-based catalysts for the dehydro-
genation of AB. For instance, Metin el al. reported an easy method for the synthesis of
nearly monodisperse Ru NPs, which consisted in the thermal decomposition and simulta-
neous reduction of the metal precursor (ruthenium(III) acetylacetonate (Ru(acac)3) in the
presence of oleylamine (serving as a stabilizer and reducing agent) and benzylether (used
as solvent) [87]. The as-synthesized NPs (with an average size of 2.5 nm) were subsequently
loaded on γ-Al2O3 to build a Ru@Al2O3 catalyst with 1 wt. % of Ru. That material had
a TOF of 39.6 molH2·molRu

−1·min−1. It was observed that the TOF value increased to
83.3 mol molH2·molRu

−1 after carrying out a treatment of the catalyst with acetic acid,
which removed the organics from the surface of the NPs. The treated catalysts exhibited
great stability even after 10 consecutive reaction runs, and the TOF only decreased 10% of
the initial value.

Chen el at. developed a microporous crystalline γ-Al2O3 with a large surface area
(large surface, 349 m2 g−1) prepared from a microporous covalent triazine framework (CTF-1,
surface area of 697 m2 g−1) as a template [88]. Ru-based catalysts with 1, 2, and 5 wt. %
were prepared from RuCl3 and they were evaluated in the dehydrogenation of AB. The
high surface area and the hierarchical pore structures of the micropores developed in the
synthesized γ-Al2O3 was claimed to be responsible for the better performance achieved by
the materials studied in that work compared to those reported elsewhere for Ru/γ-Al2O3
catalysts (TOF as high as 256.8 molH2·molRu

−1·min−1 was obtained for Ru/γ-Al2O3 with
2 wt. %; while values of one order of magnitude lower were attained for Ru/γ-Al2O3 reported
in other studies).

Fan et al. evaluated the performance of catalysts formed by Ru NPs supported on Al2O3
nanofibers with an average length of 200–300 nm and a BET surface area of 300 m2 g−1

(Ru/Al2O3-NFs) [89]. Catalysts with metal contents from 2.52 to 4.91 wt. % were prepared
in-situ by reducing the metal precursor with AB. It was observed that the time needed to
achieve a total conversion of AB decreased with increasing the metal content. The stability
test indicated that AB conversion was completed even during five consecutive runs, but the
reaction rate decreased along the cycles, which was attributed to an increase of the average
NPs size from 2.9 to 3.1 nm.

Lee et al. investigated the effect of the crystal phase of Ru on the dehydrogenation
of AB by using face-centered cubic (fcc) structures and hexagonal close-packed (hcp)
structured Ru NPs loaded on γ-Al2O3 [102]. Catalysts with 1 wt. % of Ru and different sizes
of both fcc and hcp Ru NPs were prepared. The size and the crystal phase were controlled
by adjusting the experimental conditions, in terms of amount and type of metal precursor,
solvent, and amount of PVP. It was observed that under the experimental conditions used
in that study, fcc NPs were achieved using Ru(acac)3 while RuCl3 originated hcp NPs. XPS
analysis suggested that fcc Ru NPs were more easily oxidized than the hcp counterpart
since a larger relative proportion of Ru4+ was detected (i.e., [Ru4+]/[Ru0] of 28.2 and 19.2%
for fcc and hcp Ru/γ-Al2O3, respectively). The catalytic activity of fcc and hcp NPs with
different sizes (i.e., 2.4, 3.5, 3.9, and 5.4 nm) was evaluated by monitoring the H2 generation
profiles at 25 ◦C (see Figure 5). As can be seen, hcp NPs displayed better performance
regardless of the size of the NPs. It was also seen that the difference between hcp and fcc
NPs became smaller as the NPs increased. Additionally, the opposite tendency was seen
for fcc and hcp NPs: the catalytic activity of fcc Ru/γ-Al2O3 enhanced with increasing NP
size, while hcp displayed worse performance with increasing sizes. Density functional
theory (DFT) calculations were done to determine the adsorption energy of O2 molecules
on the (001) crystal plane of fcc and hcp Ru to get information about their easy oxidation.
The results obtained suggest that the fcc Ru was easily oxidized than hcp Ru, which was
consistent with the experimental results observed in that study. Thus, the authors of that
study ascribed the worse performance of smaller NPs with fcc crystal phases to their higher
degree of oxidation, while the tendency observed for hcp was attributed to size effects.
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Figure 5. The plot of H2 volume (mL) versus time (s) graph for the dehydrogenation of AB (nAB = 1 mmol) catalyzed
by the Ru with different crystal phase (fcc: face-centered cubic; hcp: hexagonal close-packed) for different particle sizes:
(a) ~2.4 nm, (b) ~3.5 nm, (c) ~3.9 nm, (d) ~5.4 nm. Experimental conditions: 25 ◦C and nRu/nAB = 0.003. Adapted from [102].

Some examples of the use of other oxides such as titania (TiO2) [90,103], ceria
(CeO2) [104,105], and hafnia (HfO2) [91] as catalytic supports of Ru NPs for the hydrolytic
dehydrogenation of AB can also be found in the literature.

4. Other Supported Ru Catalysts

Carbon materials and oxides are the most investigated supports for the hydrolytic
dehydrogenation of AB, but there are other interesting materials that have also attracted
great interest in the last years. Among them, the utilization of MOF should be highlighted
because of the attention drawn not only for this application, but for many other catalytic
reactions [106–108]. They have been shown to be suitable to embed metal NPs as well
as to stabilize them by incorporating additional functionalization. This was the case
of Chen et al., who achieved well-dispersed Ru NPs immobilized within the pores of
amine-functionalized MIL-53 by using an in-situ impregnation-reduction method [94]. It
was claimed that the amino groups were located at the acid linkers in MIL-53(Al)-NH2,
and served as Lewis bases, thus stabilizing the Ru precursor (i.e., RuCl3) during the
impregnation step. An amino-free catalyst was prepared for comparison purposes. The
average NP size was determined to be 1.22 nm, smaller than the mean diameter of the
pores of the amino functionalized MIL-53(Al) (2.07 nm) so that they were embedded in the
framework of the MOF, while larger NPs were located on the external surface. Ru/MIL-
53(Al)-NH2 catalyst displayed better activity than the amino-free counterpart, and also
better durability and reusability. Such better performance exhibited by Ru/MIL-53(Al)-
NH2 was attributed to the amino groups, which assisted the formation and stabilization
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of small Ru NPs. Xia et al. also used MIL-53 as support of Ru NPs for the hydrolytic
dehydrogenation of AB. In that study, Ru NPs were deposited on MIL-53(Cr) and MIL-
53(Al) by the impregnation method with RuCl3. Catalysts with Ru contents of 0.19, 0.67,
1.61, and 2.65 wt. % were obtained for Ru@MIL-53(Cr), and metal contents of 0.12, 0.74,
1.95, 2.59 wt. % were achieved for Ru@MIL-53(Al). Among the samples assessed, 2.65 wt. %
Ru@MIL-53(Cr) and 2.59 wt% Ru@MIL-53(Al) displayed the best performance, with TOF
values of 260.8 and 266.9 molH2·molRu

−1·min−1, respectively. Those catalysts also showed
good stability, preserving 71% and 75% of the initial catalytic activity of Ru@MIL-53(Cr)
and 2.59 wt. % Ru@ MIL-53(Al) after the fifth run, respectively. Chen et al. prepared
catalysts formed by ultrasmall Ru NPs supported on MIL-96 (Ru/MIL-96) [92]. The MOF
selected in that study was claimed to be a 3D framework with three different kind of
cages as well as with thermal and chemical stability in water. Ru catalysts loaded on
other supports (i.e., carbon black, SiO2, γ-Al2O3, and GO) were prepared for comparison
purposes. Ru/MIL-96 was the most active catalysts checked in that study, with a TOF of
231 molH2·molRu

−1·min−1. However, that material did not show suitable stability, since
it only retained 65% of its initial activity after the fifth run, which was attributed to the
increasing NP size and viscosity of the solution.

Zhu et al. explored the suitability of a N-containing microporous organic framework
(POF) as a scaffold to anchor Ru NPs [95]. The resulting catalyst, which was denoted as
Ru/PAF-72, has an average NP size of 1–2 nm and showed a TOF of 294 molH2·molRu

−1·min−1.
The most remarkable aspect of that system was its great stability even after 10 consecutive reac-
tion cycles. For comparison purposes, the stability of a catalyst based on Ru NPs loaded onto
carbon black was also evaluated, showing a significant activity decay after only four cycles.

Additionally, some other supports, which are less frequently used in catalysts, have
served to develop Ru catalysts for the hydrolytic dehydrogenation of AB. For instance,
Cai et al. developed a sophisticated catalyst based on Ru NPs loaded a natural polyphe-
nolic polymer (bayberry tannin, BT) immobilized on collagen fibers (CF). The catalysts,
denoted as CF-BT-Ru, were synthesized by immobilization of BT, crosslinking of glu-
taraldehyde, and subsequent chelation of Ru3+ (final metal loadings of 0.58, 1.03, 1.57, and
2.12 wt. %) [71]. The procedure used is shown in Figure 6. Various reference samples were
also prepared for comparison purposes (i.e., CF-BT-Ru, CF-Ru, and Ru-carbon material
(Ac, GO, CNTs and g-C3N4)). It was observed that the presence of BT enhanced the dis-
persion of the metal active phase, due to the interaction with the phenolic groups, so that
the BT containing catalyst has much smaller Ru NPs than the BT-free counterpart (i.e.,
2.6 ± 0.6 and 6.5 ± 0.5 nm, respectively). XPS characterization indicated that the catalyst
contained positively charged nitrogen and neutral amine groups. Such neutral amine
groups were responsible for the stabilization of the Ru NPs by providing some of their
electrons. The six catalysts evaluated showed total conversion of AB, but different reaction
rates, with CF-BT-Ru being the most active with a TOF of 322 molH2·molRu

−1·min−1.
In an attempt to gain insights into the less explored effect of the composition of

the support, Zhao et al. [96] selected a material that consisted of composition-adjustable
layered double hydroxide (MgAl-LDHs) as support for Ru NPs. The general formula
of the selected support is [M2+

1−xM3+
x(OH)2]x+[An−]x/n·yH2O, where M2+ and M3+ are

cations, and An− is the charge balancing anion. In that study, supports with different
compositions of MgAl-LDHs were synthesized by urea hydrolysis (supports denoted as
Mg2Al-LDH-h, Mg3Al-LDH-h, and Mg4Al-LDH-h). Mg4Al-LDH was also prepared from
a co-precipitation method (support denoted as Mg4Al-LDH-p). After that, Ru catalysts
were prepared from RuCl3·H2O. The results of the catalytic activity indicated that the
activity followed the order Ru/Mg2Al-LDH-h > Ru/Mg3Al-LDH-h > Ru/Mg4Al-LDH-(h)
> Ru/Mg4Al-LDH-(p), with TOF values of 85.7, 63.3, 42.7, and 40.1 molH2·molRu

−1·min−1,
respectively. According to that observation, it was postulated that the Mg/Al ratio, which
is related to the relative acidity of the material and the support-Ru interaction, was a
key aspect in controlling the final catalytic performance. It was found that Ru/Mg2Al-
LDH-h had more Brønsted acid sites and it showed a weaker interaction with Ru species,
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which enabled the existence of Ru in the metallic state, thus explaining the better activity
exhibited by that catalyst. That sample preserved its stability during the first four cycles,
but it slightly decayed from the fourth to the tenth consecutive run, which was attributed
to the increased viscosity of the solution, which impedes the diffusion of AB molecules,
thus hindering their interaction with the Ru active sites.

 
Figure 6. Diagram of (a) collagen fibers, (b) collagen fibrils, (c) collagen molecules, (d) immobilization
of bayberry tannin (BT), and crosslinking of glutaraldehyde, (e) chelation of Ru3+ ions with phenolic
hydroxyl groups, and (f) formation of Ru NPs under self-reduction. Reprinted with permission from [71].

Sun et al. also explored the performance of MgAl-LDH-supported Ru catalysts for
the hydrolytic dehydrogenation of AB [97]. In this case, supports with a composition of
Mg0.5Al1-LDHs, Mg1Al1-LDHs, Mg2Al1-LDHs, and Mg3Al1-LDHs were prepared and
loaded with Ru NPs. Among those samples, Ru/Mg1Al1-LDHs showed better activity,
completing the hydrogen release in 130 s, compared to the other catalysts that needed
longer reaction times (180, 140, and 230 s, for Ru/Mg0.5Al1-LDHs, Ru/Mg2Al1-LDHs,
and Ru/Mg3Al1-LDHs). In this case, such tendency was also attributed not only to
the higher content of Brønsted acid sites in Ru/Mg1Al1-LDHs, but also to the higher
purity of Mg1Al1-LDHs, which did not contain boehmite (AlO(OH)) and hydromagnesite
(Mg5(-CO3)4(OH)2·4H2O). Ru/Mg1Al1-LDHs exhibited good stability during 10 reaction
runs, and 58.1% of the initial activity remained after those cycles. DTF calculations were
conducted to get information on the promotion effect of MgAl-LDHs catalysts. It was
determined that Ru/MgAl-LDHs catalysts have the beneficial electronic properties to
accelerate the H2O dissociation to form O–H bonds, activating the H2O molecules during
the hydrolytic dehydrogenation of AB.

5. Conclusions and Perspectives

There is great hope for the potential of hydrogen as an energy vector, which motivates
the search for alternatives that overcome the limitations that are frequently related to
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its storage. Chemical hydrogen storage stands up as a promising option and there are
several hydrogen carrier molecules that afford satisfactory hydrogen capacity. Among
them, ammonia borane has drawn much attention, and research to exploit the potential of
ammonia borane as a hydrogen storage material has been intensified in the last years.

This review summarized some of the recent Ru-based heterogeneous catalysts applied
in the hydrolytic dehydrogenation of ammonia borane. A perusal of the most frequently used
catalysts is included, paying particular attention to those heterogeneous catalysts with carbon
materials and oxides as supports. Among the vast diversity of supported Ru catalysts studied
thus far, carbon material-based catalysts frequently attain the best performance.

Most of the investigations deal with the optimization of the properties of the active
phase such as the nanoparticle size and morphology, while the effect of the composition
of the support is less explored. Most of the catalysts experienced deactivation during
few consecutive reaction cycles, which is linked to several factors: (i) aggregation of the
nanoparticles; (ii) metal leaching; and (iii) accumulation of metaborate in the solution and
change in the viscosity. It is expected that such phenomena involved in the deactivation
of the catalysts could be partially averted by using encapsulated or nanoconfined metal
catalysts upon selection of a suitable porous material serving as a host for the metal active
phase. Most studies include information about the NP size and metal content of the spent
catalysts, but no information has been reported about the concentration of metaborate
species and viscosity of the solution before and after the reaction, which would help to
verify such possible reasons for deactivation that are frequently mentioned but never
confirmed. Some other interesting works evidenced the formation of different B-containing
products such as B(OH)3, BO2

−, B(OH)4
−, and polyborates [64,65,109–111].

Some studies have aimed at enhancing the cyclability of the catalysts by stabilizing the
metallic phases using strong metal-support interaction, using, for example, a support with
abundant functional groups. Nitrogen-containing supports have been widely studied, but
the resulting catalysts are still lacking in stability during the cycles. Hence, the insufficient
stability of the assessed catalysts is frequently the weakest point indicated in the literature
for the heterogeneous catalysts used in the dehydrogenation of ammonia borane. The
regeneration of the catalysts after reaction would therefore be a very interesting issue to be
considered in future works.

No attention is paid to the actual cornerstone for the successful application of this
hydrogen carrier molecule in the hydrogen storage scenario, which is the regeneration
of ammonia borane from the products obtained in its decomposition reaction. The AB
regeneration problem, which was pointed out long back [112], remains unsolved nowadays
and studies dealing with the regeneration of AB are still sparse [113]. The nature of the
by-products of the hydrolysis of AB, which are mainly borate species, complicates the
regeneration of AB, since the stable B-O bond formed in the by-product are strong and they
are not easily reconverted to the B-H bond present in AB molecules, so a strong reducing
agent would be needed. Thus, multi-step reactions are required for the regeneration of AB.
For instance, Liu et al. proposed a regeneration process that implied the conversion of boric
acid to trimethyl borate (B(OCH3)3 by esterification with methanol. Then, B(OCH3)3 can
react with NaH, generating NaBH4 and, finally, AB was formed upon reaction of NaH with
ammonia sulfate in THF [114]. Gagare et al. aimed at regenerating AB from NH4B(OMe)4
using LiAlH4 as a reducing agent and NH4Cl as an ammonia source [115]. Vasiliu et al.
reported on the regeneration of AB from a more simplified and energy-efficient process
that involved minimum reaction steps [116]. However, their starting point was not the
regeneration of the by-products originating from the production of 3 equivalents of H2 per
molecule of AB, but polyborazylene was used, which is formed upon generation of two
equivalents of H2 per molecule of AB (partially spent AB). In that case, polyborazylene was
converted to AB nearly quantitatively by 24 h treatment with N2H4 in liquid NH3 at 40 ◦C.
More recently, Sharma et al. [117] studied the regeneration of AB using a digestion-based
approach in the presence of methanol and subsequent regeneration with the reducing
agent (i.e., LiAlH4).
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There is still plenty of room for improvement in both the design and development of
stable and reusable catalysts as well as in the processes involved in the real application of
ammonia borane as a hydrogen storage material, especially for those on-board systems.
One of the main issues to be tackled is the high cost of ammonia borane compared to other
hydrogen storage systems, so finding cost-effective ways for the synthesis and regeneration
of ammonia borane is highly desirable.

The present review contains only information on monometallic Ru-based catalysts,
which have been shown to be the most effective to attain suitable catalytic behavior, but
there are other compositions that have also displayed interesting results.
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Abstract: Bamboo-like nitrogen-doped carbon nanotubes (N-CNTs) were used to synthesize sup-
ported palladium catalysts (0.2–2 wt.%) for hydrogen production via gas phase formic acid de-
composition. The beneficial role of nitrogen centers of N-CNTs in the formation of active isolated
palladium ions and dispersed palladium nanoparticles was demonstrated. It was shown that al-
though the surface layers of N-CNTs are enriched with graphitic nitrogen, palladium first interacts
with accessible pyridinic centers of N-CNTs to form stable isolated palladium ions. The activity
of Pd/N-CNTs catalysts is determined by the ionic capacity of N-CNTs and dispersion of metallic
nanoparticles stabilized on the nitrogen centers. The maximum activity was observed for the 0.2%
Pd/N-CNTs catalyst consisting of isolated palladium ions. A ten-fold increase in the concentration of
supported palladium increased the contribution of metallic nanoparticles with a mean size of 1.3 nm
and decreased the reaction rate by only a factor of 1.4.

Keywords: hydrogen; formic acid; palladium; nitrogen; carbon nanotubes

1. Introduction

Rational use of fossil fuel resources is a necessary condition for the long-term stable
development of society. In this context, the development of efficient processes for energy
production from renewable sources is a topical problem that can be solved using various
fundamental studies, particularly in the field of material science. Hydrogen production
from formic acid (FA) is a way to involve renewable biomass sources into the energy
cycle [1,2]. The FA decomposition reaction proceeds on mono-, bi- and trimetallic catalysts
deposited on oxide or carbon supports [3,4]. Activity and selectivity of the catalysts
towards hydrogen production are determined by the nature of their active component,
its dispersion, and electronic state of metals. The application of nitrogen-doped carbon
nanomaterials (N-CNMs) as the catalyst supports makes it possible to perform the tailored
synthesis of metal supported catalysts with desired properties [5].

It is known that nitrogen in N-CNMs having different structures occupies standard
positions: pyridinic (NPy), pyrrolic (NPyr), graphitic (NQ), and oxidized (NOx). According
to data in the literature, supported metals can stabilize on different nitrogen centers. For
example, Pt stabilization on NQ centers of nitrogen-doped carbon nanotubes (N-CNTs)
leads to the formation of electron-rich Pt nanoparticles, which are active towards the
hydrogenation of nitroarenes [6] and aerobic oxidation of glycerol [7]. Ombaka et al. [8]
reported the formation of Pd2+ species on the NPyr centers of N-CNTs, which are active
towards the hydrogenation of nitrobenzophenone [8]. However, a substantial body of data
indicates the involvement of NPy centers in the stabilization of electron-deficient metals
on the surface of various N-CNMs, which show the increased activity and selectivity in
hydrogenation reactions or electrochemical reduction of oxygen [9–12]. The positive role
of the electron-deficient metals deposited on ordered or disordered N-CNMs was also
demonstrated for FA decomposition in a liquid or gaseous medium [4,13–16]. Additionally,
for platinum deposited on nitrogen-doped carbon nanofibers (N-CNFs) and N-CNTs, it
was shown that the catalytic properties of metal in this reaction are determined by its
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locally one-type interaction with NPy centers [16]. Among various metals that are active
towards FA decomposition, platinum and palladium are the most active catalysts for
this reaction [3,17]. It should be noted that the use of N-CNMs as the supports opens
new possibilities for enhancing the efficiency of catalysts via the stabilization of highly
active and selective atomic metal species [18,19]. Among the wide variety of N-CNMs,
bamboo-like N-CNTs are characterized by a unique combination of the graphene layer
curvature and the availability of all nitrogen centers. At the same time, data on the use of
these materials as a support for the catalysts of the FA decomposition reaction are quite
scarce [18].

This paper is devoted to investigating the formation of the Pd catalyst on bamboo-like
N-CNTs for the gas phase formic acid decomposition reaction. A detailed investigation of
the properties of N-CNTs, variation of palladium concentration, and application of various
research methods allowed us to describe the interaction of palladium with the surface
of N-CNTs. Different active palladium species were shown to form as isolated ions and
metallic nanoparticles with a size of 1.3 nm, the ratio of which were determined by the
affinity of palladium for NPy centers and the palladium concentration in catalysts.

2. Materials and Methods

Nitrogen-doped and nitrogen-free carbon nanotubes (N-CNTs and CNTs) were syn-
thesized by the standard CVD route [20]. An ethylene–ammonia mixture or ethylene
were decomposed on the Fe-containing catalyst at 650–700 ◦C. The growth catalyst was
removed by the boiling of N-CNTs and CNTs in 2 M hydrochloric acid. Nevertheless, X-ray
photoelectron spectroscopy (XPS) revealed the presence of iron in the washed samples
with the content up to approximately 0.5 at.%. Previously, we have demonstrated the low
intrinsic activity of washed N-CNTs and CNTs in FA decomposition reactions compared to
metal supported catalysts [16]. Palladium was deposited on carbons, which were pre-dried
in Ar at 170 ◦C, by incipient wetness impregnation from a Pd acetate–acetone solution. The
samples were dried in air at 105 ◦C for 8 h and then reduced in an H2/Ar flow at 200 ◦C
for 1 h.

Nitrogen adsorption measurements were carried out at 77 K by the use of ASAP-2400.
Prior to measurements, the samples were evacuated at 200 ◦C for 24 h. Acetone capacity
of the N-CNTs and CNTs was measured by the standard incipient wetness impregnation
method. Acetone was added dropwise under stirring to the sample dried in Ar at 170 ◦C
until the pores of the material were completely filled. The volume of the absorbed acetone
(cm3/g) was determined by weighing. CO chemisorption on the catalysts was measured
at room temperature by a pulse technique. Before the experiments, the catalysts were
reduced in hydrogen flow at 200 ◦C. X-ray diffraction patterns were recorded using an
HZG-4 (Zeiss, Germany) diffractometer with monochromatic CuKα radiation. Electron
microscopy investigation was performed using JEM-2200 FS (JEOL Ltd., Japan) and Titan
60-300 (FEI, Netherlands) electron microscopes. Raman spectroscopy with an excitation
wavelength of 632.8 nm was performed using a HORIBA LabRAM HR800 (HORIBA Jobin
Yvon Raman Division, France) Raman spectrometer. XPS study of N-CNTs was performed
on an ES-300 (KRATOS Analytical, UK) photoelectron spectrometer with an AlKα source
(hν = 1486.6 eV). The distribution of nitrogen in N-CNTs was studied by synchrotron-
based photoelectron spectroscopy at 500 and 800 eV photon energy [21]. Pd catalysts were
examined using a VG ESCALAB HP (ThermoScientific, UK) instrument with an AlKα

source (hν = 1486.6 eV). In situ reduction of the catalysts under 1000 Pa H2 in a preparation
chamber of the XPS unit was performed at 300 ◦C for 1 h [22]. After the pretreatment, the
sample was transferred to an analytical chamber without contact with air.

Activity of the catalysts in the decomposition of FA (5 vol. % НCООН/Не) was
measured using a flow setup. A 20 mg catalyst sample was uniformly mixed with 0.5 cm3

of quartz sand (grain size of 0.25–0.5 mm). The reaction mixture preheated to 100 ◦C in a
special box was fed into the reactor at a rate of 20 cm3/min. The experiments were carried
out in the temperature-programmed mode at a ramp rate of 2◦/min with chromatographic
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analysis of the gas mixture. Before measuring the activity, the catalyst was reduced in a 10%
H2/He mixture at 200 ◦C for 1 h. The apparent turnover frequency (TOF) was calculated
as a ratio of the reaction rate measured at low (<20%) conversions to the total number of
palladium atoms in the catalysts.

3. Results

3.1. Properties of N-CNTs

Nitrogen-doped carbon nanotubes were synthesized by the CVD method, which is
widely applied to obtain N-CNTs [23–26]. As seen in Table 1, by increasing the ammonia
concentration in the C2H4–NH3 reaction mixture (25, 40, 60 and 75% NH3), one can
monotonically increase the degree of nitrogen doping of nanotubes from 1.8 to 6.6 at.%
with a simultaneous decrease in the yield of N-CNTs from 38 to 5 g C/g of catalyst. Such an
effect of N/C ratio on the nitrogen content in N-CNTs was described by other authors for
different reaction mixtures [24,26,27]. In turn, a decrease in the yield of N-CNTs is related to
deactivation of the catalyst due to its encapsulation (Figure 1), which has been reported by
many authors for the CVD synthesis of N-CNTs and other carbon materials [25,26,28–30].

Table 1. Properties of nitrogen-doped carbon nanotubes (N-CNTs): N/C and NPy/NQ ratios ac-
cording to XPS data, ID/IG and I2D/ID ratios according to Raman spectroscopy, SBET values and
product yield.

Sample-NH3

Concentration (%)
N/C
at.%

NPy/NQ ID/IG I2D/ID SBET, (m2/g)
Yield,

(g C/g of Catalyst)

CNTs - - 2.4 0.28 155 38
N-CNTs-25 1.8 0.5 2.7 0.15 148 30
N-CNTs-40 2.8 0.7 2.8 0.15 160 22
N-CNTs-60 4.4 0.9 3.0 0.13 158 14
N-CNTs-75 6.6 1.2 3.7 0.12 151 5

  
(a) (b) 

 
(c) 

Figure 1. (a) TEM images of CNTs; (b) 4.4 at.% N-CNTs; and (c) HAADF-STEM image, color overlay
of the corresponding EDX maps of carbon and nitrogen presented in background-corrected intensities.

TEM micrographs of the 4.4 at.% N-CNTs as an example and CNTs are displayed
in Figure 1. Ethylene decomposition is accompanied by the predominant formation of
multiwalled carbon nanotubes. In their turn, N-CNTs have a distinct bamboo-like structure,
which is known to form due to the curvature of nitrogen-containing graphene layers [31,32].
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According to STEM-HAADF images with elemental mapping, nitrogen is uniformly dis-
tributed in N-CNTs.

XPS revealed (Figure 2) that nitrogen in N-CNTs is in pyridinic (NPy, ~398 eV), pyrrolic
(NPyr, ~400 eV), graphitic (NQ, ~401 eV), oxidized (NOx, ~403 eV) and molecular (NN2,
~405 eV) states [24,26,33]. The presence of molecular nitrogen encapsulated between
graphene layers or inside channels is characteristic of bamboo-like N-CNTs [26,34]. An
increase in the total nitrogen content in N-CNTs is accompanied by an increase in the
content of all structural species. However, this changes the predominant species and the
ratio of nitrogen species. In the N-CNTs with the minimum doping degree, the main
contribution is made by graphitic nitrogen, and the NPy/NQ ratio is equal to 0.5, Table 1.
As the total nitrogen content is increased, the contribution of pyridinic nitrogen grows; as a
result, the NPy/NQ value achieves 1.2 in the case of 6.6 at.% N-CNTs.

Figure 2. Input of different types of nitrogen in N-CNTs (left); N1s XPS spectra of 1.8% at.% N-CNTs
and 6.6% at.% N-CNTs (right).

It is known that nitrogen incorporation in the pyridinic positions of graphene layers
is accompanied by the formation of carbon vacancies, i.e., by an increase in structural
defectivity. Indeed, the formation of such fragments was observed in TEM images of
N-CNTs obtained at atomic resolution [23]. The formation of such structural elements was
confirmed by a growth of the ID/IG ratio with a simultaneous decrease in the I2D/ID ratio
revealed by Raman spectroscopy (Table 1). The ID/IG ratio reflects defectivity of carbon
nanomaterials [35,36], while the I2D/ID ratio is used to analyze the size of the defect-free
graphene blocks [37,38] (Figure 3). In our earlier work, the XRD study of N-CNTs and
their structural simulation gave grounds to suppose the formation of the fragments similar
to the structural elements of the g-C3N4 layer comprising the ordered carbon vacancies
and pyridinic nitrogen atoms [20]; the estimated size of such a fragment of the layer is not
smaller than 5 Å.
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Figure 3. Raman spectra of CNTs and N-CNTs.

However, it should be noted that the obtained XPS data do not provide information on
the surface state of N-CNTs with respect to different nitrogen species, which is an important
factor when these materials are employed as the catalyst supports. In this context, N-CNTs
were additionally studied by synchrotron-based XPS with variation of the analysis depth
using radiation energies of 500 and 800 eV. The data obtained were compared with the
results of standard XPS study performed at 1486.6 eV. The radiation energies of 500, 800
and 1486.6 eV allowed us to acquire data at the analysis depths of ca. 1.6, ca. 3 and ca.
6 nm, respectively (Figure 4). According to TEM data displayed in Figure 1b, the mean
wall thickness of N-CNTs is ca. 5 nm. Hence, when the depth of analysis is varied from 1.6
to 6 nm, the acquired data could provide information on the nitrogen in external/internal
graphene layers, and partially in internal arches.

  
(a) (b) (c) 

Analysis depth, nm Analysis depth, nm Analysis depth, nm

Figure 4. Content of nitrogen species in (a) 1.8% at.% N-CNTs and in (b) 4.4% at.% N-CNTs and
(c) NPy/NQ ratio in N-CNTs in dependence on the analysis depth

One can see that in both samples, nitrogen is incorporated in all structural positions
of external/internal graphene layers and internal arches. The total nitrogen concentration
profile along the analysis depth coincides to a greater extent with the profile of different
nitrogen species, which is determined most likely by the catalytic growth mechanism of
N-CNTs on the Fe catalyst with the equiprobable incorporation of nitrogen in different
positions [24]. As seen in Figure 4c, when the entire tube wall (ca. 6 nm) or only its
external/subsurface layers (ca. 1.5 nm) are analyzed, NPy/NQ, ratios for 4.4 at.% N-CNTs
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virtually do not differ. In the case of 1.8 at.% N-CNTs, as the depth of analysis is decreased,
the NPy/NQ ratio increases by a factor of ca. 1.6. Nevertheless, our study of N-CNTs
with the minimum depth of analysis allows a conclusion that external layers of N-CNTs,
irrespective of the doping degree, are slightly enriched with graphitic nitrogen.

To choose a method of palladium deposition on N-CNTs, their textural and adsorption
properties were investigated. As seen in Table 1, nitrogen doping of CNTs does not produce
changes in the textural characteristics of carbon nanotubes. Indeed, their specific surface
area changes in a narrow range of 148–160 m2/g, and pore size distribution curves for all
the samples are similar and have distinct maxima in the regions of 3–4 nm and 25–40 nm
(Figure 5). Fenelonov et al. [39] proposed that pores with the size of 3–4 nm are formed
due to the curvature of graphene layers, whereas larger pores emerge due to the entangled
weave of N-CNTs leading to the formation of multiple voids.

 
(a) (b) 

Figure 5. (a) Pore size distribution curves and (b) N2 pore volume and acetone capacity of the CNTs
and N-CNTs.

However, an increase in the nitrogen content in N-CNTs is accompanied by a consid-
erable growth of their capacity towards acetone, from 3 to ~ 6–7 cm3/g, which was used as
a solvent in the deposition of palladium catalyst (Figure 5b). This suggests that such a high
acetone capacity of N-CNTs is achieved due to the bulk filling of inner channels of the tubes
in spite of multiple regular internal arches (Figure 1b). Note that the values of acetone
capacity of fresh and treated in 2 M HCl carbons are the same. In turn, a good correlation
between nitrogen content in N-CNTs and NPy/NQ, ID/IG and I2D/D ratios was found
(Table 1). Therefore, it can be supposed that the presence of large defects (not smaller than
5 Å) in graphene layers of the synthesized N-CNTs, which are represented by the ordered
carbon vacancies surrounded with pyridinic nitrogen atoms [20], improves their wettability
and makes the capillary effect more pronounced. Kumar et al. [40] calculated isotherms
of water adsorption on disordered N–C materials and attributed the anomalously high
adsorption to the implementation of a specific mechanism, according to which 1D, 2D
and 3D nucleation, accompanied by the formation of solvent clusters which resembles the
growth of crystals, was followed by bulk condensation. The filling of the inner channels of
N-CNTs may indicate that during their deposition on N-CNTs by wet chemistry methods,
metals can be anchored not only on the external surface but also in the inner channels of
nanotubes [41]. On the other hand, Hao et al. [42] conclude that high hydrophilicity of
N-doped carbon nanomaterials ensures a high dispersion of supported metallic catalysts,
thus increasing their activity.

3.2. Properties of Pd/N-CNTs Catalysts

A series of Pd/N-CNTs catalysts (0.2, 0.5, 1 and 2 wt.% of Pd) were synthesized using
the N-CNTs that were obtained by decomposition of the 40% C2H4–60% NH3 mixture. The
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choice of support was based on the optimal combination of the nitrogen content in carbon
nanotubes and the yield of N-CNTs (Table 1). To study the interaction of palladium with
the N-CNTs surface, the concentration of palladium was varied from 0.2 to 2 wt.%. N-free
catalysts 0.2% Pd/CNTs and 2% Pd/CNTs were synthesized for comparison purposes. The
revealed high affinity of N-CNTs for acetone, which was used in our study as a solvent
of palladium salt, explains the uniform distribution of palladium in the catalysts and the
absence of agglomerates (Figure 6). In addition, as seen in Figure 6b, it cannot be ruled out
that individual palladium particles are located in the inner channels of nanotubes. In the
X-ray diffraction patterns, a weak intensity peak related to Pd 111 was recorded only for
the catalysts with a maximum metal content (2 wt.%; see Figure 7). The X-ray diffraction
patterns of all other catalysts show only the maxima related to the carbon phase.

  
(а) (b) 

  
(c) (d) 

50 nm 10 nm

Figure 6. (a,b) TEM images of 2% Pd/N-CNTs; HAADF-STEM images of (c) 0.2% Pd/N-CNTs and
(d) 2%Pd/N-CNTs

TOF values for FA decomposition on nitrogen-doped and nitrogen-free catalysts
are shown in Table 2 and Figure 8. In the case of N-free catalysts, a ten-fold increase in
palladium content was accompanied by a decrease in apparent TOF from 180 to 72 h−1,
with a simultaneous decrease in CO/Pd ratio from 33.5 to 22.1%, according to the CO
chemisorption data. Indeed, the mean particle size for 0.2% Pd/CNTs was 1.2 nm, whereas
for 2% Pd/CNTs it was 2.3 nm. According to the XPS, palladium was in the metallic
state and the binding energy of Pd 3d was 335.6 eV (Figure 9). This value is typical of the
dispersed metallic palladium particles [43,44]. The TOF values of the 0.2% Pd/CNTs and
2% Pd/CNTs catalysts calculated as a ratio of the reaction rate to the number of surface
palladium atoms were 193 and 147 h−1, respectively. The observed difference in TOF
values may be due to different palladium crystallinity or its different localization in the
tubes (outer surface and inner channels). Selectivity of the catalysts towards hydrogen
formation did not exceed 92%.
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Figure 7. XRD patterns of 2% Pd/N-CNTs (1) and 2% Pd/CNTs (2).

Table 2. Some characteristics of Pd supported catalysts: mean Pd size determined by TEM, TOF at
125 ◦C and selectivity at 25% formic acid (FA) conversion.

Catalyst Pd Size (nm) TOF (h−1) S (%)

0.2% Pd/N-CNTs not detectable 324 97
0.5% Pd/N-CNTs not detectable 252 97
1% Pd/N-CNTs 1.3 297 98
2% Pd/N-CNTs 1.4 225 98
0.2% Pd/CNTs 1.2 180 92
2% Pd/CNTs 2.3 72 92

 
(a) (b) 

 
(c) 

Figure 8. (a) TOF values for FA decomposition at 125 ◦C; (b) CO/Pd ratio for nitrogen-free and nitrogen-doped catalysts
with different Pd loading and stability test of the 0.2% Pd/N-CNTs, 2% Pd/N-CNTs and (c) 2% Pd/CNTs at ~50% FA
conversion in the course of the reaction.
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Figure 9. Pd 3d XPS spectra of nitrogen-free (0.2% Pd/CNTs and 2% Pd/CNTs) and nitrogen-doped
(0.2% Pd/N-CNTs and 2% Pd/N-CNTs) catalysts.

All the nitrogen-doped catalysts, irrespective of palladium content, demonstrated the
increased activity and selectivity (97–98%) in comparison with 0.2–2% Pd/CNTs catalysts.
TOF values varied in a narrow range of 225–324 h−1; the maximum activity was observed
for the 0.2% Pd/N-CNT catalyst. The dependence of CO/Pd on palladium content for this
series of catalysts had a complicated shape. A decrease in palladium content from 2 to 1%
was not accompanied by changes in CO/Pd, and a further decrease in Pd concentration
to 0.2% produced a sharp drop in CO/Pd from 32 to 16.1%. The observed dependence
of CО/Pd on palladium content did not correlate with the ТЕМdata, according to which
mean particle size for the catalysts with 2% Pd and 1% Pd was equal to 1.4 and 1.3 nm,
respectively (Table 2), whereas for 0.5% Pd and 0.2% Pd it could not be determined
owing to their small sizes. An HAADF-STEM study of 0.2% Pd/N-CNTs showed that the
catalyst consisted predominantly of isolated palladium atoms (Figure 6). The 2% Pd/N-
CNT catalyst contained not only nanoparticles but also a considerable amount of single
palladium atoms. As seen in Figure 9, the binding energy of palladium in 0.2% Pd/N-
CNTs was 337.7 eV, which may correspond to both the PdO [45] and the ionic palladium
stabilized on pyridinic centers of N-CNTs [46]. However, oxidation of the samples was
completely excluded in XPS studies; therefore, Pd 3d BE 337.7 eV can reliably be assigned
to Pd2+-NPy species. Some studies have demonstrated that Pd2+-NPy species, in distinction
to Pd0, weakly chemisorb CO [12,46]. In the case of 2% Pd/N-CNTs, palladium is in the
highly dispersed Pd0 (BE Pd 3d 335.5 eV) and Pd2+-NPy (BE Pd 3d 337.7 eV) states.

4. Discussion

Pd/N-CNTs catalysts have been synthesized and examined in the gas-phase decom-
position of FA for hydrogen production. To describe the interaction of palladium with
N-CNTs, palladium concentration was varied from 0.2 to 2 wt.%, and a comparison with
N-free catalysts was made. XPS experiments with variation of the analysis depth demon-
strated that nitrogen on the external graphene surface of N-CNTs was in all structural states.
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Irrespective of the doping degree, the predominance of graphitic nitrogen was observed.
However, according to XPS and HAADF-STEM studies of the 0.2% Pd/N-CNT catalyst,
palladium starts interacting with pyridinic nitrogen centers of N-CNTs to produce isolated
ions. Indeed, theoretical calculations show that palladium preferentially interacts with the
NPy centers of N-CNTs instead of the NQ centers to form a positive +0.5 e charge [47]. The
binding energy of Pd 3d in 0.2% Pd/N-CNTs is 337.7 eV, which coincides well with the
BE Pd 3d values for Pd/N-CNTs catalysts reported in literature [47,48]. In these studies,
DFT calculations were used to propose the models of palladium anchoring on both the
single NPy center and 3NPy-V (where V is the vacancy). It seems interesting that close BE
Pd 3d values of 336.9–338.5 eV were also obtained in the case of palladium deposition on
g-C3N4 or CN material derived from a metal–organic framework [12,19]. It was supposed
that stabilization of isolated palladium ions occurs with the participation of four nitrogen
centers (2NPy and 2NPyr) [19] or 6NPy, which forms structural elements of the g-C3N4
graphene layer [12]. It should be noted that in the 0.2% Pd/N-CNTs catalyst, the NPy/Pd
ratio is 25, which makes it possible to implement any of the proposed models, including
Pd anchoring on fragments of the layer, which are similar to g-C3N4. The possibility of
the formation of such fragments in graphene layers of N-CNTs was demonstrated in our
earlier study [20].

As the content of supported palladium is increased, this most likely leads to the filling
of accessible NPy centers; as a result, metallic nanoparticles start to form (Figure 10). This
assumption is supported by the obtained dependence of CO/Pd on palladium content
in the catalysts. It reflects the occurrence of competitive processes: an increase in CO
chemisorption owing to the growing dispersion of metallic nanoparticles, and a decrease
in CO chemisorption due to formation of ionic palladium. It should be noted that the
involvement of NQ centers in the stabilization of metallic nanoparticles, which are more
dispersed than in N-free catalysts, cannot be ruled out; their involvement was derived, for
example, by Shi et al. [6] from a 0.2 eV shift of the corresponding maximum in the N1s
spectrum towards higher binding energies. We did not observe any changes in the N1s
spectrum of Pd/N-CNTs catalysts in comparison with N-CNTs. However, a 0.1 eV shift of
BE Pd 3d for a more dispersed 2% Pd/N-CNTs (1.4 nm) towards lower binding energies in
comparison with 2% Pd/CNTs (2.3 nm) provides the basis to suppose such a possibility.
As a result, the involvement of nitrogen centers in the stabilization of palladium decreases
the TOF value only by a factor of 1.4 at a ten-fold increase in palladium concentration. For
N-free catalysts, the TOF value decreases by a factor of 2.5.

Figure 10. Schematic overview of the interaction of Pd with N-CNTs.

As shown by the catalytic experiments, isolated palladium ions are more active than
metallic palladium nanoparticles, and the maximum TOF value is observed on the 0.2%
Pd/N-CNT catalyst. A strong interaction of palladium with the pyridinic centers of
N-CNTs is responsible for high stability of the catalyst in the course of the reaction as
compared to the N-free catalyst (Figure 8c). Presumably, activity of the catalysts with
high palladium content is determined by the ratio of two palladium species and by the
size of metallic nanoparticles. In comparison with N-free catalysts, selectivity on all the
N-doped catalysts increased by 5%, which corresponds to nearly a four-fold decrease in
CO concentration. Additionally, the discovered stability of the catalyst 2% Pd/N-CNT
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compared to 2% Pd/CNT confirms the stabilization of both palladium species (isolated
ions and metal nanoparticles) by nitrogen centers [49].

5. Conclusions

Nitrogen centers of N-CNTs were shown to be efficient in the stabilization of different
palladium species in the form of isolated ions and highly dispersed metal nanoparticles
that are active towards formic acid decomposition for hydrogen production. This allows a
conclusion that various nitrogen-containing carbon nanomaterials are promising for use
as the supports of metallic catalysts for this reaction. Taking into account an increased
activity of isolated palladium ions, it is more preferable to use N-CNMs with predominant
pyridinic nitrogen centers in the external graphene layers.
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Abstract: Specific features of the catalytic tar cracking in the presence of formic acid, BEA zeolite and
8% Ni-2.5% Mo/Sibunit catalyst were studied at 350 ◦C and 1.0 MPa pressure. The obtained results
evidenced that formic acid can be used as a hydrogen donor during catalytic reactions. The formic
acid addition made it possible to perform efficient hydrocracking of heavy feed such as tar. It was
found that both the tar conversion and selectivity to light (gasoline-diesel) fractions grew in the
sequence: tar < (tar - formic acid) < (tar - formic acid - BEA zeolite) < (tar - formic acid - BEA zeolite
- 8% Ni-2.5% Mo/Sibunit catalyst). Furthermore, significantly lower concentrations of impurities
containing sulfur and nitrogen were observed for the (tar - formic acid - BEA zeolite - 8% Ni-2.5%
Mo/Sibunit catalyst) system. For example, the sulfur and nitrogen concentrations in the tar precursor
were 1.50% and 0.86%, respectively. Meanwhile, their concentrations in the liquid products after the
catalytic cracking were 0.73% and 0.18%, respectively.

Keywords: hydrocracking; tar; formic acid; nickel; zeolite; hydrogen donor; catalyst

1. Introduction

Due to increasing worldwide demand for motor fuel, the need to utilize non-traditional heavy oil
feedstock (HOF), including heavy oils, natural bitumen, heavy residual oil fractions (tar, black oil),
bituminous sands and pyroshales is also rapidly growing. A number of methods for deep processing
of heavy oil fractions, heavy oils and oil residues in the presence of catalysts have been reported.
Traditional approaches to HOF processing can be divided into two main types [1–4]. The first type
includes deasphalting, thermal processes: gasification and carbonization (delayed, flexicoking, etc.),
viscosity breaking and catalytic cracking. The second type includes various hydrogenation processes.
Therefore, there is great interest in hydrocracking of heavy residual oil fractions, particularly tar,
aimed at the production of the main products of the gasoline and diesel fractions that are in great
demand. The chemistry of hydrogenation processes is based on the efficient use of hydrogen.
However, reactors used for hydrocracking processes operate under high pressure and require complex
instrumentation. Thus, researchers are currently looking for new sources of hydrogen.

One of the actively developing areas combining the advantages of the thermal and hydrogenation
refinement processes is catalytic vapor cracking of HOF [5–7]. In this process water acts as a hydrogen
donor. Its participation makes it possible to increase the yield of the light fraction (boiling point
below 360 ◦C) and decrease the coke yield as well as the contents of sulfur and heteroatoms in the
liquid products. The use of catalysts based on Ni [8,9], Fe [10,11], Mo [8,12], Co [13] and Zr [14,15] in
the catalytic vapor cracking favors stronger HOF interaction with water, including partial oxidation,
low-temperature partial steam reforming and catalytic cracking processes, thus substantially improving
the overall efficiency of the process.

Energies 2020, 13, 4515; doi:10.3390/en13174515 www.mdpi.com/journal/energies
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A different approach was demonstrated in other publications. It was suggested to add methane to
CO2 for cracking of resins obtained by coal pyrolysis. Due to its high H/C ratio, methane is considered
to be a hydrogen substitute. Hydrogen is formed by methane reforming with carbon dioxide [16,17].

However, these approaches are complicated for practical implementation because two complex
processes have to be optimized: hydrogen production and the hydrocracking itself. The use of formic
acid as a hydrogen donor significantly simplifies the process. Formic acid is a high-quality organic
hydrogen source, as it has relatively high hydrogen content (4.4 wt.%), low flammability and low
toxicity. It is important to note that formic acid can be prepared from the biomass or from CO2 [18–20].

Delayed carbonization is the most popular scheme for processing of tar and other heavy residues.
In the current study, modification of the tar carbonization was attempted. The formic acid addition
was suggested as a means to regulate the yield and properties of the formed carbonization products.
The goal of the current study was to investigate the effect of the formic acid addition and different
catalysts on the yield and properties of liquid tar hydrocracking products.

2. Materials and Methods

Tar from the Omsk Oil Refinery (Omsk, Russia) was used as a feedstock. The elemental and
fraction compositions of the used tar are reported in Table 1.

Table 1. Characteristics of the studied tar.

Elemental Composition Concentration (wt.%)

C 86.8
H 11.7
N 0.86
S 1.50

Fraction Composition, wt.%
Gasoline fractions (<200 ◦C) 0
Diesel fractions (200–350 ◦C) 0.1
Vacuum gas oil (350–500 ◦C) 6.7

Tar (500–700 ◦C) 54.9
Tar (>700 ◦C) 38.2

Hydrocracking catalysts are bifunctional. Their hydrogenation–dehydrogenation function and
activity in all reactions related to hydrorefining is usually associated with MoS2 or WS2 promoted with
nickel sulfide. Amorphous or crystalline aluminosilicates, Y [21] or BEA [22–24] zeolites are typically
responsible for the cracking function. Based on this information, a nickel–molybdenum catalyst and
a BEA zeolite were used in this study for the tar hydrocracking.

The use of carbon supports for tar carbonization is desirable because they do not increase the ash
content of the resulting oil coke. The artificial mesoporous carbon support “Sibunit” [25,26], which has
a surface of 480 m2/g and a graphite-like structure, was used for the catalyst synthesis. A TEM image
of the Sibunit support is shown in Figure 1. The support particles have an egg-shell shape. Sibunit is
a graphite-like carbon material with an interlayer distance of d002 = 3.52 Å and an average crystallite
size in this direction of about 25 Å.

The 8% Ni-2.5% Mo/Sibunit catalyst was prepared by impregnation. Precalculated amounts
of Ni(NO3)2·6H2O and (NH4)2MoO4 (Reakhim, 98% purity) were dissolved in 10 mL of distilled
water and added to a beaker containing 10 g of Sibunit. Then, the sample was dried on a hot plate
with a magnetic stirrer and calcined in a muffle furnace in air at 250 ◦C for 30 min. The obtained
NiO-MoO/Sibunit sample was reduced in the hydrogen flow in a flow reactor at 400 ◦C for 1 h.
After reduction the catalyst composition was 8% Ni-2.5% Mo/Sibunit. The XRD pattern of 8% Ni-2.5%
Mo/Sibunit reduced in hydrogen is shown in Figure 2.
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Figure 1. TEM image of the Sibunit support.
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Figure 2. XRD pattern of 8% Ni-2.5% Mo/Sibunit.

The peaks observed in the XRD pattern of 8% Ni-2.5% Mo/Sibunit can be attributed to nickel
metal or a nickel–molybdenum phase (Figure 2). The peak at 2θ ~ 44◦ is formed by overlapping of
different peaks and has a shoulder. This shoulder (2θ ~ 42–43◦) can be attributed either to graphite or
to a nickel–molybdenum phase. The position of the peak close to the shoulder (2θ ~ 44.3◦) is typical
for the nickel metal phase. The diffraction characteristics of the active component of the Ni-Mo/Sibunit
catalyst are reported in Table 2.

Table 2. Diffraction characteristics of the active component of supported Ni-Mo/Sibunit.

Catalyst Phase Description
Average Cystallite

Size D, Å
Elementary Cell

Parameter, Å

Ni-Mo/Sibunit Ni Ni PDF 04-0850, 75 Fm3m, a = 3.523

Ni-Mo Mo1,08Ni2,92 60 Fm3m, a = 3.637

BEA zeolite (SiO2/Al2O3 = 27) produced by AZKiOS (Angarsk, Russia) was used. Its characteristics
are reported in Tables 3 and 4.
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Table 3. Characteristics of the BEA zeolite.

No. Parameter Result

1 Na2O content normalized to the weight of the sample calcined at 650 ◦C, wt.% 0.01
2 Al2O3 content normalized to the weight of the sample calcined at 650 ◦C, wt.% 5.6
3 SiO2 content normalized to the weight of the sample calcined at 650 ◦C, wt.% 90
4 Crystallinity, % 86
5 SiO2/Al2O3 ratio 27

Table 4. Textural characteristics of the BEA zeolite.

Zeolite Vmicro, cm3/g Vmeso, cm3/g Vtotal, cm3/g SBET, m2/g
Average Size of the

Crystals, nm

BEA 0.22 0.15 0.37 660 160

Catalytic reactions of tar were performed in an autoclave at 350–500 ◦C and 1 MPa pressure.
A scheme of the autoclave unit for catalytic reactions of tar is shown in Figure 3. A tar sample (~16 g)
or a tar sample (~16 g) with a catalyst (0.4 g) was loaded in the sample holder basket. In another series
of experiments, a tar sample (~16 g) with formic acid (0.4 g) or a tar sample (~16 g) with formic acid
(9 g) and a catalyst (0.4 g) was loaded in the sample holder basket. Then, the autoclave was heated to
the desired temperature and maintained at it for 2 h.

 
Figure 3. Scheme of the autoclave unit for catalytic reactions of tar.

The gas phase components were analyzed using a Kristall-2000M gas chromatograph (Chromatec,
Yoshkar-Ola, Russia). A thermal conductivity detector was used for analysis of H2S, COS, SO2, H2,
O2, CO2 and CH4 after their separation on a packed column (2 mm × 1.5 m) filled with SKT activated
carbon “AQUACHEM” Kazan. A flame ionization detector was used for analysis of the gas phase
organic components after separation on a packed column (2 mm × 3 m) filled with Hayesep Q + 0.9%
PTMSP (Hayes Separations, Inc. of Bandera, TX, USA).

The concentrations of sulfur and nitrogen and the H:C ratio in the initial tar and products of its
processing were determined using a VARIO EL CUBE CHNS-O-analyzer (Elementar Analysensysteme
GmbH, Langenselbold, Germany). The fraction compositions of the tar and products formed from
it were determined by imitation distillation according to ASTM D7169 using an Agilent 7890B gas
chromatograph (Santa Clara, CA, USA).
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The elemental compositions of solid phases were determined using the X-ray fluorescence
spectrometer ARL Perform’X (Bruker, Germany) with a Rh anode for fluorescence excitation.
Powder samples were ground in an agate mortar to a homogeneous finely dispersed state. Powder and
liquid (viscous) samples were placed into a special holder covered with a Spectrolenesix polypropylene
film that is transparent to the X-ray irradiation. Then, this holder was placed into the spectrometer
chamber filled with helium. Automatic spectrum smoothing, background subtraction and calculation
of the concentrations were performed using the UniQuant software package (Germany).

The phase composition of the samples was studied by the X-ray diffraction analysis.
Diffraction patterns were recorded with a Thermo ARL X’TRA diffractometer (Thermo Fisher Scientific,
Basel, Switzerland) using CuKα radiation with a wavelength of 1.54184 Å. The 2θ scan range was 5–75◦,
the scanning step was 0.05◦ and the accumulation time at each point was 5 s. Diffraction (Powder
Diffraction Files) (PDF) and structural (Inorganic Crystal Structure Database) (ICSD) databases were
used to identify the phase compositions. The average crystallite sizes were determined using the
Selyakov–Scherrer formula from the integral widths of the diffraction peaks.

High-resolution transmission electron microscopy (HRTEM) images were obtained using a JEOL
JEM-2010 (Tokyo, Japan) electron microscope with a lattice resolution of 0.14 nm.

The experiments on the formic acid (FA) decomposition were performed in a flow installation
using a quartz reactor (inner diameter 6 mm). The catalyst loading was 20 mg. The catalyst was
uniformly mixed with 0.5 cm3 of quartz. The feed consisted of 5 vol.% FA in helium. Its flow
rate was 20 cm3/min. The experiments were performed in a temperature-programmed mode with
a temperature increase rate of 2 ◦C/min. The reaction progress was followed by monitoring the release
of CO and CO2.

3. Results and Discussion

3.1. Thermal Transformations of Tar

The tar carbonization was studied in the temperature range of 350–500 ◦C. At 350 ◦C, the tar
carbonization yielded gaseous and liquid products as well as oil coke. The amount of liquid product was
about 15 wt.%. At 450 ◦C only gaseous and solid carbonization products were formed. The temperature
increase favors conversion of liquid products into gases. The composition of gaseous products obtained
at 350–500 ◦C is reported in Table 5. Methane, ethane and propane were the main gaseous carbonization
products. The methane concentration in the products grew with carbonization time.

Table 5. The effect of tar carbonization temperature on the composition of gaseous products
(reaction time: 1 h).

Hydrocarbons
Temperature, ◦C

350 400 450 500

Concentration, vol.%

H2 7 8.0 15.4 18.5
CH4 36 41.8 48.1 65
C2H6 24.5 21.2 15.4 12
C2H4 4 3.1 2.8 1.5
C3H8 12 11.8 6.6 0.6
C3H6 0.2 0.2 0.1 0

iso-C4H10 4.5 4.0 4.0 0.5
n-C4H10 2.0 1.0 0.5 0.1
1-butene 4.0 3.9 2.6 0.4

C5+ 4.8 4.2 3.8 0.8
C6+ 1.0 0.8 0.7 0.6
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Significant amounts of H2S and COS were observed in the reaction products. The contents of
the sulfur-containing compounds in gaseous products formed during the tar carbonization at 450 ◦C
are reported in Table 6. Hydrocarbon gases, as well as sulfur-containing H2S and COS products,
were formed during the process. Gaseous products were periodically removed from the autoclave,
and therefore a release of weakly bound sulfur from the tar decreased as the coking process proceeded.
This explains the decreasing concentration of sulfur-containing products in the gas as the reaction
time increased.

Table 6. Concentrations of sulfur-containing compounds in gaseous products of tar carbonization at
450 ◦C as a function of reaction time.

Conditions of Carbonization Reaction Time, h 1 2 3 5

Tar carbonization without a catalyst H2S content, wt.% 1.44 1.58 0.82 0.61

COS content, wt.% 0.22 2.15 2.15 0.75

3.2. Catalytic Decomposition of Formic Acid

Hydrogen can be produced from formic acid by a catalytic or non-catalytic reaction. The formic
acid decomposition in the gas phase can follow two pathways: dehydrogenation with the formation of
H2 and CО2 (Equation (1)), and dehydration with the formation of CОand H2O (Equation (2)).

HCOOH(gas) → H2 + CO2,ΔrH
◦
298 = −14.7

kj
mol

(1)

HCOOH(gas) → H2O(gas) + CO,ΔrH
◦
298 = 26.5

kj
mol

(2)

Formic acid decomposition can be catalyzed by a number of metals. Palladium catalysts are
the most efficient for the hydrogen production from formic acid according to Equation (1) [27–31].
Nickel catalysts have lower activity [32]. However, from the economic viewpoint nickel catalysts
deserve more attention than noble metal catalysts. The catalyst supports play an important role in the
catalytic activity, especially when a highly dispersed active metal is used. Porous carbon materials are
suitable candidates, since they have all the properties required for such support.

Experiments in a flow installation with a quartz reactor were carried out to determine the pathways
of the formic acid decomposition over the 8% Ni-2.5% Mo/Sibunit catalyst. The 8% Ni-2.5% Mo/Sibunit
catalyst was pre-treated in a flow of 5 vol.% FA in helium at 300 ◦C to remove the oxide layers formed
by contact of metal particles with air. The FA conversion was calculated as a ratio of the sum of the CO
and CO2 concentrations to the initial FA concentration. The selectivity to CO2 (H2) was determined
as a ratio of the CO2 concentration to the sum of the CO and CO2 concentrations. The results of the
formic acid catalytic decomposition over the 8% Ni-2.5% Mo/Sibunit catalyst are presented in Figure 4.
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Figure 4. FA decomposition on 8% Ni-2.5% Mo/Sibunit catalyst after pretreatment in FA at 300 ◦C for
1 h.
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The formic acid decomposition on the 8% Ni-2.5% Mo/Sibunit catalyst preferentially follows the
pathway of Equation (1) with the formation of CO2 and H2 (Figure 4). Similar experiments on the
formic acid decomposition were performed in an empty autoclave without a catalyst. About 3 mL of
formic acid was placed into a 300 mL autoclave. The autoclave was gradually heated to 250 ◦C and
maintained at this temperature for 30 min. Then, the temperature was increased in several steps to
350 ◦C. It was found that the pressure growth in the autoclave began at 120 ◦C. At 250 ◦C the pressure
was equal to 4 atm. The gas phase composition was studied by gas chromatography. The dependence
of the gas phase composition and pressure on temperature is reported in Table 7. Even in the empty
autoclave the formic acid decomposition followed the pathway of Equation (1). This is most likely
caused by the catalytic effect of the steel autoclave walls on the formic acid decomposition. A CO
methanation reaction also occurred to some extent. The obtained results evidenced that formic acid
can be used as a source of hydrogen during catalytic reactions of tar. The change in pressure at 250 and
300 ◦C occurs because the system needs time to reach a steady state.

Table 7. Changes of the gas phase composition and pressure in the autoclave during the formic acid
decomposition as a function of temperature.

Compound
Temperature, ◦C

250 300 350

Concentration, vol.%

Methane 0.6 0.8 0.9
Hydrogen 10–36 42–45 45–46

CО 12–13 7–6 6
Pressure, atm 4–8 8–13 14

It should be noted that products of formic acid decomposition might be in equilibrium with each
other. The water–gas shift (WGS) reaction described in Equation (3) is an industrial process in which
water in the form of steam is mixed with carbon monoxide to obtain hydrogen and carbon dioxide.

H2O + CO = CO2 + H2 (3)

The WGS reaction is reversible and exothermic (ΔHo = −41.2 kJ/mol). The WGS reaction is
thermodynamically favorable at temperatures of 300–400 ◦C [33]. Iron-based catalysts are typically
used industrially. Therefore, the water–gas shift (WGS) reaction also favors the formation of hydrogen
and CO2.

3.3. Effect of Formic Acid on the Catalytic Transformations of Tar

The data on the tar, FA and catalyst loadings, and the selectivity to different fractions are
summarized in Table 8. The reaction was performed at 350 ◦C for 2 h.

In addition to the total tar conversion, it is important to control the composition of liquid products.
They were analyzed using the imitation distillation method. The fractions of gasoline (0–180 ◦C) and
diesel (180–360 ◦C) fractions, vacuum gasoil (360–550 ◦C), vacuum residue (550–720 ◦C) and non-eluted
residue were calculated according to ASTM D7169 on Agilent 7890B. The fraction compositions of the
obtained liquid products are presented in Table 9 and Figure 5.
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Table 8. The influence of formic acid and catalysts on the tar transformations at 350 ◦C.

Sample Loading Mass, g
The Products Composition, wt.%

Gas * Liquid Hydrocarbons Unconverted Tar **

1 Tar 16 8 15 77

2 Tar
FA

16
9 11 43 46

3
Tar
FA

BEA zeolite

16
9

0.4
12 50 38

4
Tar
FA

Ni-Mo/Sibunit

16
9

0.4
17 48 35

5

Tar
FA

Ni-Mo/Sibunit
BEA zeolite

16
9

0.2
0.2

17 55 28

Without FA

6
Tar

Ni-Mo/Sibunit
BEA zeolite

16
0.2
0.2

15 35 50

* The amount of formed gases without gaseous products of FA decomposition. ** Without weight of catalysts.

Table 9. Fraction distribution of liquid product formed by tar conversion in different systems.

Fraction Temperature, ◦C

Sample

1 2 3 4 5 6

Tar
Tar,
FA

Tar,
FA,

BEA
zeolite

Tar,
FA,

Ni-Mo/Sibunit

Tar,
FA,

Ni-Mo/Sibunit,
BEA Zeolite

Tar,
Ni-Mo/Sibunit,

BEA Zeolite

Concentration, wt.%

Gasoline 0–180 10.8 12 16 12.7 19.2 7.7

Diesel 180–360 39.1 52.1 53.9 56.3 60.2 73.4

Vacuum
gasoil 360–550 35.5 24.3 20.4 16.1 14.7 9.8

Vacuum
residue 550–720 8.1 6.6 4.9 7.9 3.1 1.7

Non-eluted
residue >720 6.5 5 4.8 7.0 2.8 7.4

Figure 5. Fraction composition of liquid products.
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The presented data demonstrate that the addition of formic acid and the catalysts resulted in
redistribution of the liquid products between different fractions. The lowest amount of the gasoline
(10.8%) and diesel (39.1%) fractions was observed in the liquid products formed by the thermal tar
cracking. The addition of formic acid alone or together with the BEA zeolite to tar increased the
contributions of these fractions among the liquid products.

Substitution of the BEA zeolite for the 8% Ni-2.5% Mo/Sibunit catalyst led to a decrease of the
gasoline fraction concentration from 16% to 12.7%. This means that the 8% Ni-2.5% Mo/Sibunit catalyst
has lower cracking ability than the BEA zeolite. Nickel metal is known to be a good catalyst for
methanation and hydrogenolysis of C-C bonds [34–37]. These properties lead to its higher selectivity to
gaseous products (Table 8). Meanwhile, simultaneous addition of the BEA zeolite and the 8% Ni-2.5%
Mo/Sibunit catalyst (sample 380) led to the highest yields of both the gasoline and the diesel fractions.

Changes of the sulfur and nitrogen contents in the liquid reaction products were also studied.
The results are presented in Table 10. Variations of the sulfur and nitrogen concentrations were
symbatic, most likely due to similarities in the mechanisms of desulfurization and denitrogenation of
liquid products during the catalytic transformations of tar.

Table 10. Changes of the sulfur and nitrogen concentrations in liquid products depending on the
addition of formic acid and the catalysts.

Elements

Sample

1 2 3 4 5

Tar
Tar,
FA

Tar,
FA,

BEA Zeolite

Tar,
FA,

Ni-Mo/Sibunit

Tar,
FA,

Ni-Mo/Sibunit,
BEA Zeolite

Concentration, wt.%

Sulfur 1.0 0.98 0.83 0.77 0.73
Nitrogen 0.39 0.33 0.22 0.2 0.18

The lowest sulfur concentration was observed for sample 5. This result was observed despite
the fact that the original carbon support Sibunit contained 0.5 wt.% S. Ni-Mo catalysts are known
to be among the best catalysts for purification of diesel fuel from sulfur. When the BEA zeolite is
present together with the 8% Ni-2.5% Mo/Sibunit catalyst, it also contributes to desulfurization of the
liquid products.

4. Conclusions

Thermal cracking of tar was studied at 350–500 ◦C and 1.0 MPa pressure. At 350 ◦C the tar
carbonization resulted in the formation of gaseous and liquid products as well as oil coke. The fraction
of liquid products was about 15 wt.%. Only gaseous and solid products were observed when the
carbonization temperature was increased to 450 ◦C. Apparently, the temperature increase led to the
conversion of liquid products to gases. The main gaseous tar carbonization products were methane,
ethane and propane. H2S and COS were observed in the reaction products. Due to this fact, the sulfur
concentration on the oil coke decreased in comparison with the precursor tar from 1.5 to 1.28 wt.%.

Specific features of the catalytic tar cracking in the presence of formic acid, BEA zeolite and the 8%
Ni-2.5% Mo/Sibunit catalyst were studied at 350 ◦C 1.0 MPa pressure. The experiments showed that
the formic acid addition made it possible to perform efficient hydrocracking of heavy feeds such as tar.
Both the tar conversion and selectivity to light (gasoline–diesel) fractions increased in the sequence: tar
< (tar - formic acid) < (tar - formic acid - BEA zeolite) < (tar - formic acid - BEA zeolite - 8% Ni-2.5%
Mo/Sibunit catalyst). Furthermore, significantly lower concentrations of impurities containing sulfur
and nitrogen were observed for the (tar - formic acid - BEA zeolite - 8% Ni-2.5% Mo/Sibunit catalyst)
system. For example, the sulfur and nitrogen concentrations in the tar precursor were 1.50% and 0.86%,
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respectively. Meanwhile, their concentrations in the liquid products after the catalytic cracking were
0.73% and 0.18%, respectively.
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HOF heavy oil feedstock
HRTEM high resolution transmission electron microscopy
PDF Powder Diffraction Files
ICSD Inorganic Crystal Structure Database
BET Brunauer–Emmett–Teller
XRD X-ray diffraction
WGS water–gas shift reaction
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Abstract: Autothermal reforming of bioethanol (ATR of C2H5OH) over promoted Ni/Ce0.8La0.2O1.9

catalysts was studied to develop carbon-neutral technologies for hydrogen production. The regulation
of the functional properties of the catalysts was attained by adjusting their nanostructure and
reducibility by introducing various types and content of M promoters (M = Pt, Pd, Rh, Re; molar ratio
M/Ni = 0.003–0.012). The composition–characteristics–activity correlation was determined using
catalyst testing in ATR of C2H5OH, thermal analysis, N2 adsorption, X-ray diffraction, transmission
electron microscopy, and EDX analysis. It was shown that the type and content of the promoter, as
well as the preparation mode (combined or sequential impregnation methods), determine the redox
properties of catalysts and influence the textural and structural characteristics of the samples. The
reducibility of catalysts improves in the following sequence of promoters: Re < Rh < Pd < Pt, with an
increase in their content, and when using the co-impregnation method. It was found that in ATR of
C2H5OH over bimetallic Ni-M/Ce0.8La0.2O1.9 catalysts at 600 ◦C, the hydrogen yield increased in
the following row of promoters: Pt < Rh < Pd < Re at 100% conversion of ethanol. The introduction
of M leads to the formation of a NiM alloy under reaction conditions and affects the resistance of the
catalyst to oxidation, sintering, and coking. It was found that for enhancing Ni catalyst performance
in H2 production through ATR of C2H5OH, the most effective promotion is with Re: at 600 ◦C over
the optimum 10Ni-0.4Re/Ce0.8La0.2O1.9 catalyst the highest hydrogen yield 65% was observed.

Keywords: renewable hydrogen; biofuel; reforming of bioethanol; bimetallic catalyst; modifier

1. Introduction

Currently, there is a rapid growth in the population of the Earth. Over the past
200 years, the number of people has grown by ~6 billion, reaching 7.8 billion in 2020.
According to forecasts, by the end of the century, the world’s population will reach 11 billion
people [1,2]. To meet the demand of a growing population, the world needs more and
more energy every year. Fossil fuels continue to be the main source of energy resources.
Humanity consumes ~22 million tons of coal, ~12 million tons of oil, and ~10 billion m3 of
natural gas per day [3]. The constant growth in fossil fuel consumption is accompanied by
an increase in the concentration of carbon dioxide in the atmosphere, which is the cause of
climate change. To reduce the negative impacts on the environment and rational use of
natural resources, it is urgent to develop technologies for the decarbonization of the energy
system [4–6]. This is in line with the global strategy to reduce greenhouse gas emissions
and the realization of the Paris Agreement’s tasks to create a climate-neutral society by
2050 [7].

Under these conditions, hydrogen energy has already been recognized as a reasonable
decision in the struggle for climate neutrality [8,9]. By 2050, it is expected that 24% of
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the world’s energy needs will be met by hydrogen. The priority is to obtain renewable
hydrogen, produced mainly with the use of wind and solar energy. In the short and medium
term, low carbon footprint technologies will prevail, leading to reduced CO2 emissions.
Currently, the volume of hydrogen production in the world is estimated at 75 million tons
per year and is expected to increase by 30% in the next five years [10]. Reforming natural
gas is one of the main conventional ways of hydrogen production [11–15]. This is the least
expensive and energy-efficient method, but to prevent CO2 emissions, the use of carbon
capture and storage technology is required [16,17]. It is advisable for the production of
hydrogen to use biofuels (biogas, bioethanol), the source of which can be a renewable raw
material–biomass [18–24].

Bioethanol takes the top place in the list of liquid biofuels. World bioethanol pro-
duction in 2020 amounted to 26 billion gallons [25]. The world leader in the bioethanol
production is the United States, which generated about 13.8 billion gallons. The second-
largest producer country is Brazil, which produced 7.9 billion gallons of ethanol. The
bulk of bioethanol is derived from corn and sugar cane. Various agricultural crops with a
high starch or sugar content can also become raw materials for the bioethanol production,
for example, cassava, potatoes, sugar beets, sweet potatoes, sorghum, barley, etc. The
raw materials can also be various agricultural and forestry waste: wheat straw, rice straw,
sugarcane bagasse, sawdust. The growth of biomass is accompanied by the consumption
of atmospheric CO2. Thus, using bioethanol as a feedstock in H2 production reduces the
consumption of fossil fuels and provides carbon neutrality of technology.

The most efficient process for producing hydrogen from ethanol is autothermal re-
forming (ATP of C2H5OH) [26]:

CH3CH2OH + 1.8H2O + 0.6O2 −→ 4.8H2 + 2CO2 ΔHo
298 = +4.4 kJ/mol

The energy neutrality of this reaction makes it possible to refer it to energy-saving
processes. In addition to the favorable energy balance, this process is characterized by a
high yield of H2. The effective conversion of bioethanol requires the solution of important
problems of increasing the activity of catalysts and their resistance to deactivation. The
chemical formula and nanostructure of catalysts strongly affect H2 yield and the compo-
sition of the reaction products in ATR of C2H5OH [27–30]. The mode of the first stages
of ethanol transformation (dehydrogenation to acetaldehyde or dehydration to ethylene)
depends mainly on the properties of the support [26]. Diffusion and transformation of
C2-intermediates are controlled by the metal-support interface, while the decomposition of
C2-intermediates and the conversion of C1-reaction products occur with the participation
of metal centers of the active component. The noble metals Rh, Ag, Au, Pd, Pt, Ru, Re,
as well as Ni, or Co, are used as an active metal, while for stabilization of their highly
dispersed forms, various oxides (SiO2, MgO, La2O3, CeO2-Al2O3, CeO2-La2O3, CeMnO2,
MgAl2O4) are applied as support [31–35].

Cerium dioxide is a suitable support for ATR of C2H5OH catalysts due to its redox
properties, high oxygen capacity, and the possibility of realization of the strong metal-
support interaction [36–40]. The intrinsic catalytic activity of CeO2-based supports and the
degree of their interaction with the active component can be regulated by its doping. It
was shown that among the tested dopants (M = Gd, La, Mg), La has a more pronounced
positive effect on the state and functionality of Ni/Ce1-xMxOy (M = Gd, La, Mg, x = 0–0.9,
1.5 ≤ y ≤ 2.0) [41–44]. The introduction of La as a modifier in the support composition
enhances the metal-support interaction, which improves Ni dispersion and catalyst stability
under the ATR of C2H5OH. However, it also leads to a diminution of Nin+ reducibility that
can decrease the concentration of Nio active sites and, consequently, H2 yield.

The introduction of a promoter is a rather wide-spread approach directed to the
improvement of functional characteristics of Ni catalysts developed for various catalytic
processes [45–49]. It is shown that bimetallic catalysts have advantages over monometallic
ones in the reforming of C2H5OH [31,35,50–53]. In particular, it is indicated [35] that for
Ni/CeMnO2, the introduction of Cu or Fe increased the ethanol conversion from 57 to
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70% and 61% consequently. Ni-Fe/CeMnO2 catalyst provides higher hydrogen yield (60%)
among the other samples because of conducting the reaction to dehydrogenation route,
while the feature of Ni-Co/CeMnO2 sample was high CO selectivity due to the impact of
Co in the progress of water–gas shift reaction. It is noted that an increase of H2 yield over
Ni-Co/Ce-Zr-O and Ni-Pd/SiO2 catalysts is correlated with an increase of reducibility of
the bimetallic sample in comparison with appropriate monometallic Ni catalyst [31,50]. The
Ru or Rh additives stabilized Co metallic phase under operation in oxidative conditions [54].
A study of a series of Cu-Ni/SiO2 catalysts with different Cu/Ni molar ratios showed
that the Cu-rich catalysts had a higher resistance of coking [55]. Thus, the mechanism of
action of the promoter is specific and strongly depends on the composition and method of
preparation of the catalyst. It is possible to increase the reducibility of the active component,
improve its dispersion or resistance to coking.

This work is devoted to the development of effective bimetallic catalysts for hydro-
gen production through ATR of C2H5OH. To improve the functional properties of the
Ni/Ce0.8La0.2O1.9 catalysts, their nanostructure and reducibility were regulated by in-
troducing various types and content of M promoters (M = Pt, Pd, Rh, Re; molar ratio
M/Ni = 0.003–0.012).

2. Materials and Methods

The Ni-M/Ce0.8La0.2O1.9 catalysts (M = Pt, Pd, Rh, and Re; molar ratio M/Ni = 0.003–0.012)
were prepared by the combined incipient wetness impregnation method unless otherwise
specified. For this, Ce0.8La0.2O1.9 support was impregnated by an aqueous solution of the
mixture (Ni + M) of metal precursors with a specified concentration. The description of
the preparation mode and properties of the Ce0.8La0.2O1.9 support can be found in our
previous paper [56]. After the impregnation, the Ni-M/Ce0.8La0.2O1.9 catalysts were dried
at 90 ◦C for 6 h, calcined at 500 ◦C for 4 h in the air. The Ni(NO3)2·6H2O was used as Ni
precursor, while H2PtCl6·6H2O, Pd(NO3)2, RhCl3·3H2O, or NH4ReO4 compounds were
used as precursors for Pt, Pd, Rh, or Re promoters, respectively.

In some specially stipulated cases, the catalysts were obtained by the sequential
incipient wetness impregnation method. In this case, the Ce0.8La0.2O1.9 support was
impregnated by an aqueous solution of Ni(NO3)2·6H2O with a given concentration. After
the impregnation, the Ni/Ce0.8La0.2O1.9 catalyst was dried at 90 ◦C for 6 h, calcined at
500 ◦C for 4 h in the air, and then impregnated by an aqueous solution of a promoter (M)
precursor with a specified concentration. Then Ni-M/Ce0.8La0.2O1.9 samples were dried at
90 ◦C for 6 h and calcined at 500 ◦C for 4 h in the air.

The Ni content was equal to 10 wt.%, while the molar ratio M/Ni was 0.003 or 0.012.
The samples are noted according to their composition and synthesis procedure: the number
means the molar ratio M/Ni, while “C” and “S” correspond to the samples obtained by
combined and sequential impregnation, respectively.

The catalysts were thoroughly studied by X-ray fluorescence spectroscopy, thermal
analysis (TA) (thermogravimetric (TG), differential thermogravimetric (DTG), and differ-
ential thermal analysis (DTA)), N2 adsorption, X-ray diffraction, transmission electron
microscopy, and EDX analysis. A description of devices and conditions for studying
materials by physicochemical methods can be found in our earlier publications [41,44,47].

ATR of C2H5OH was investigated in a flow setup with a quartz reactor (14 mm i.d.) at
atmospheric pressure, temperature 200–700 ◦C, a flow rate of 230 mL/min and the molar
ratio between reagents C2H5OH:H2O:O2:He = 1:3:0.5:1 according to the method described
in [41]. Note that the influence of the reaction conditions (500–700 ◦C, C2H5OH:H2O = 1–4,
C2H5OH:O2 = 0.2–0.8) was preliminarily studied, and the optimal molar ratio of the
reagents for the maximum hydrogen yield was selected. In contrast to our previous
studies [41,57], there was no reduction of catalysts before catalytic activity tests. In this
case, the active centers will be formed directly under the reaction conditions. The ability to
self-activate in the reaction environment ensures that the catalyst can operate on a daily
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start-up and shut-down cycle without requiring activation before use [58]. It is essential
for hydrogen production through reforming for fuel cell technology [59,60].

3. Results and Discussion

3.1. Characteristics of the Ni-M/Ce0.8La0.2O1.9

The Ni-M/Ce0.8La0.2O1.9 samples were prepared by the incipient wetness impregna-
tion method, in which precursors of the active component are introduced into the support
matrix followed by thermal treatment. The characteristics of the decomposition of metal
precursors and the formation of catalysts have been studied by thermal analysis. Figure 1
demonstrates typical TG, DTG, and DTA curves of dried unpromoted and promoted
Ni catalysts.

  
(a) (b) 

Figure 1. Thermal analyses in the air of dried Ni (a) and Ni-Pt-0.012 (C) (b) catalysts.

For Ni catalyst in a low-temperature region (T < 150 ◦C), an endothermic effect at
TDTA= 125 ◦C is observed. It is accompanied by a weight loss (−Δm/m = 2.5%) through
water desorption. In the temperature range 150–350 ◦C, there are two endothermic effects
at TDTA = 200 and 325 ◦C. The weight losses of 7.8 and 7.6% were connected with the
decomposition of nitrate nickel hydrate to anhydrous Ni(NO3)2 and then transformation
of Ni(NO3)2 to oxide NiO, correspondingly [61]. At a temperature of 450–900 ◦C, the
change in the weight of the sample is apparently associated with dehydroxylation of the
support surface. The total weight loss is equal to 17.4%. Similar behavior was observed
for all other Ni-M/Ce0.8La0.2O1.9 catalysts. As an example, on the derivatogram of the
Ni-Pt/Ce0.8La0.2O1.9 sample, there are no effects corresponding to the decomposition of
the Pt precursor due to its low content (Figure 1b).

From N2 adsorption data (Figure 2), it follows that fresh Ni-M catalysts are meso-
porous materials: the type IV adsorption isotherms with a hysteresis loop of type H3 are
observed, which usually indicates the pore shape is wedged with the opening at both
ends or groove pores are formed by flaky particles [62]. Hysteresis at partial pressure
P/Po = 0.7–1.0 corresponds to the presence of texture mesoporosity [39]. The samples
show bimodal pore size distribution with a maximum at ca. 4 and 18 nm (Figure 2c).The
texture characteristics of the samples are weakly dependent on the type of promoter:
SBET = 70 ± 5 m2/g, Vpore = 0.20 ± 0.01 cm3/g, and Dpore = 11.5 ± 0.9 nm (Table 1), which
are typical values for materials of such composition [32,35,63]. When using the sequen-
tial impregnation method, there is a tendency to some decrease in specific surface area
(69 → 56 m2/g). This is probably due to differences in the heat treatment procedure for
these samples. Single calcination at 500 ◦C instead of two times reduces the degree of
sintering of the material. Note that the specific surface area of the catalysts is 25% lower
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than the SBET of the Ce0.8La0.2O1.9 support (94 m2/g), which is due to the partial jamming
of the support pores by particles of the active component.

Figure 2. N2 adsorption–desorption isotherms (a,b) and pore size distributions (c,d) for fresh (a,c) and spent (b,d) catalysts.

1-Ni; 2-Ni-Pt-0.012 (C); 3-Ni-Pd-0.012 (C); 4-Ni-Rh-0.012 (C); 5-Ni-Re-0.012 (C).

XRD patterns of the fresh catalysts are depicted in Figure 3. The pattern of fresh
catalysts shows peaks characteristic of the CeO2-based phase of support and NiO of the
active component. The parameter of the unit cell (a) of CeO2-based phase is 5.478 Å that is
higher than a of undoped CeO2 (5.411 Å, JCPDS-34-394). This confirms the presence of a
CeO2-based solid solution in which some of the Ce4+ cations are replaced by La3+ cations
with a larger ionic radius (0.116 vs. 0.097 nm).

The coherent scattering region (CSR) was calculated by the Selyakov–Scherrer method
from the broadening of the diffraction peak 1.1.1 assigned to phases having a cubic structure
of the fluorite type; CSR (NiO)–peak 2.0.0 NiO phases; CSR (Ni)–peak 2.0.0 phases of Ni◦.
The average crystallite size of CeO2-based solid solution is equal to 8.0 nm, and it is
the same for all samples. Thus, the phase composition of the support and its structural
characteristics do not change as a result of the introduction of Ni or Ni-M active component
(Table 1). The average crystallite size of the NiO phase is slightly smaller for Ni, Ni-Pd,
and Ni-Rt catalysts in comparison to Ni-Pt and Ni-Re samples (16.5 vs. 19.0 nm), which
indicates some effect of the second metal. The diffraction patterns of the Ni-M samples
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show no peaks related to the corresponding M-containing phases because of the low
content of M (less than 1 wt.%) and its high-dispersed state (Figure 3).

TEM data (Figure 4) confirms the XRD study results. On the surface of CeO2-based
solid solution with crystallite size no greater than 10 nm, NiO particles of 10–20 nm in size
were observed.

Table 1. Textural and structural characteristics of the Ni-M catalysts.

Sample 1

Textural Characteristics Structural Characteristics

SBET,
m2/g

Vpore,

cm3/g
Dpore,

nm

Phase
Composition

CSR (nm)/Parameter of the Unit Cell (Å) for

CeO2-Based Phase Ni-Containing Phase

Ce0.8La0.2O1.9 94 0.19 7.9 CeO2 8.0/5.478 -

Ni
F 69 0.19 10.8 CeO2, NiO 8.0/5.478 16.5

S 24 0.15 25.7 CeO2, Ni◦ 18.0/5.479 20.0/3.525

Ni-Pt-0.012
(C)

F 70 0.19 10.7 CeO2, NiO 8.0/5.480 16.5

S 26 0.14 21.0 CeO2, Ni◦ 14.0/5.481 20.0/3.526

Ni-Pd-0.012
(C)

F 69 0.21 12.3 CeO2, NiO 8.0/5.480 17.0

S 41 0.15 14.5 CeO2, NiPd 14.0/5.483 20.0/3.532

Ni-Rh-0.012
(C)

F 64 0.20 12.4 CeO2, NiO 8.0/5.480 19.0

S 34 0.15 18.0 CeO2, NiRh 14.0/5.483 20.0/3.528

Ni-Re-0.012
(C)

F 75 0.22 11.9 CeO2, NiO 8.0/5.480 19.0

S 38 0.17 17.3 CeO2, NiRe 13.0/5.488 16.0/3.538

Ni-Pd-0.003
(S)

F 62 0.19 12.0 CeO2, NiO 8.0 /5.480 16.5

S 43 0.18 16.6 CeO2, NiPd 15.0/5.482 20.0/3.529

Ni-Pd-0.012
(S)

F 56 0.17 12.3 CeO2, NiO 8.0/5.480 16.5

S 60 0.16 11.1 CeO2, NiPd 15.0/5.482 20.0/3.532
1 F–fresh catalysts (before ATR of C2H5OH), S–spent catalyst (after ATR of C2H5OH).

 
 

(a) (b) 

Figure 3. XRD patterns of fresh (odd numbers) and spent (even numbers) catalysts: influence of promoter type (a),
promoter content and synthesis method (b). (a) 1,2—Ni; 3,4—Ni-Pt-0.012 (C); 5,6—Ni-Pd-0.012 (C); 7,8—Ni-Rh-0.012 (C);
9,10—Ni-Re-0.012 (C). (b) 1,2—Ni; 3,4—Ni-Pd-0.003 (S); 5,6—Ni-Pd-0.012 (S); 7,8—Ni-Pd-0.012 (C).
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              (a)                                               (b) 

Ni 

Ni 

NiO 

Ce-La-O 

Figure 4. TEM images of the fresh (a) and spent (b) Ni catalyst.

In the case of catalyst Ni-Pd-0.012 (C), we studied the local distribution of constituent
elements using the EDX analysis. Figure 5 shows a HAADF-STEM image of the fresh
Ni-Pd-0.012 (C) catalyst with the corresponding EDX maps. It was seen that Ce and La had
almost homogeneous distribution in the studied region, which confirmed the formation of
a solid CexLa1-xO2 solution. The opposite situation was observed for nickel: areas with
an increased nickel concentration were well seen, which indicated the formation of its
separate phase. It agreed well with the XRD data (Table 1). The palladium distribution map
did not contain any areas of high concentration. This indicates the absence of individual
palladium-containing nanoparticles in the studied area. However, due to the low palladium
content, the PdL signal is very weak. Thus, the obtained data do not allow us to conclude
whether palladium is located predominantly in the composition of Ni-rich particles or is
localized on the surface of the fluorite phase.

Figure 5. HAADF-STEM image of the fresh Ni-Pd-0.012 (C) catalyst and corresponding EDX mapping patterns.
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The redox properties of the active component are an important characteristic of the
reforming catalyst since they determine the concentration of active Ni◦ centers under the
reaction conditions. Typically, the samples were activated by treatment in a hydrogen-
containing mixture at a high temperature before the ATR of C2H5OH reaction [31,33,35].
This allows nickel oxide to be reduced and Ni◦ active sites to form. The Ni◦ state should
be preserved under reaction conditions, while re-oxidation of Ni◦ will lead to catalyst
deactivation. A positive quality of reforming catalytic systems is their ability to self-
activate under reaction conditions [47,48]. In this case, no additional stage of activation was
required, there was no consumption of H2, and active centers were formed directly under
the reaction conditions. Thus, to study the effect of the composition of Ni-M catalyst and
the method of its synthesis on the reducibility of Ni2+ cations, the samples were studied
by the thermal analysis in H2/He (Figure 6). There were four temperature regions of
weight loss which could be connected with water desorption (T < 200 ◦C), reduction of
nickel oxide (300 ◦C < T < 600 ◦C), and reduction surface (200 ◦C < T < 300 ◦C) and bulk
(600 ◦C < T < 900 ◦C) cerium dioxide. For the unpromoted Ni catalyst, three temperature
peaks are observed during the reduction of nickel oxide species: at 405, 475, and 545 ◦C. The
observed wide reduction region indicates the presence of various forms of Ni2+ stabilization
in the support matrix. It is known [64] that reduction of large particles of NiO, characterized
by weak metal-support interaction, occurs in a low-temperature area (T < 500 ◦C), while
highly dispersed particles of NiO, characterized by strong metal-support interaction, is
in the high-temperature region (T > 500 ◦C). It was also shown that the reduction of
Ni2+ cations moved to a high-temperature region when the dispersion of Ni-supported
nanoparticles and their sintering stability increase due to a decrease of the crystallite size
of support [41].

 
(a) (b) 

Figure 6. Thermal analyses in H2/He for fresh Ni-M catalysts: effect of promoter type (a) and preparation mode (b).
(a) 1—Ni; 2—Ni-Pt-0.012 (C); 3—Ni-Pd-0.012 (C); 4—Ni-Rh-0.012 (C); 5—Ni-Re-0.012 (C). (b) 1—Ni; 2—Ni-Pd-0.012 (C);
3—Ni-Pd-0.012 (S); 4—Ni-Pd-0.003 (S).

With the introduction of a promoter, the behavior of the Ni2+ reduction was changed
(Figure 6). In particular, in the presence of Pt or Pd, the reduction of Ni2+ shifted to the
low-temperature region with a maximum at ~420 ◦C that could be explained by the H2
spillover effect [46,58]. This effect was more pronounced when higher content of promoter
or the co-impregnation method of synthesis in contrast to the sequential impregnation
method was used (Figure 6b). In the case of Rh, the reduction region remained the same,
but the part of difficult-to-reduce Ni2+ species decreased. With the introduction of Re,
on the contrary, the part of difficult-to-reduce Ni species increased, and the temperature
maximum became equal to 545 ◦C. Note that due to the low content of promoters, their
contribution to the reduction can be ignored in comparison with the reduction peak of Ni2+.
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As a rule, the reduction of Pt, Pd, and Rh species occurs at T < 200 ◦C, while reduction of
Re cations takes place in the same region where Ni2+ cations are reduced [58,65]. Different
reducibility of Ni-Re catalysts can be explained by the Ni–Re alloy formation under the
conditions of TA in H2/He that changes the kinetics of the active component reduction [66].

The degree of the interaction between metals in the composition of bimetal catalysts is
rather different, and it depends on the chemical composition of the catalyst, its preparation
method, conditions of its activation, and exploitation [46,67]. In the case of the weak
interaction between nickel and a promoter, the formation of monometal particles took place;
in the case of the strong interaction, a surface or bulk alloy was formed. It was shown [58]
that for the Ni-Pd catalyst, the co-impregnation promoted the formation of bimetallic
particles with a more uniform Pd distribution and a lower surface Pd concentration. In the
case of sequential impregnation, the formation of bimetallic particles with a high surface
Pd concentration–Pd clusters on the surface of Ni particles took place.

Thus, the type of promoter practically had no effect on the textural and structural
properties of fresh Ni-M catalysts. On the contrary, the introduction of even a small amount
of a promoter changes the reducibility of the Ni active component. The reducibility of
catalysts improves in the following sequence of promoters Re < Rh < Pd < Pt, with an
increase in their content, and when using the co-impregnation method. It is expected that
the ability of a catalyst to form dispersed Nio phase and retain it under reaction conditions
will control the functional properties of catalysts in ATR of C2H5OH.

3.2. Activity of Ni-M/Ce0.8La0.2O1.9 Catalysts in ATR of C2H5OH

Figure 7a shows a typical dependence of the conversion of ethanol and the yield of the
reaction products in ATP of C2H5OH on temperature. It can be seen that in the presence
of the Ni catalyst, the conversion of ethanol to a hydrogen-containing gas increased with
an increase in the reaction temperature, reached 100% at 400 ◦C, and then did not change
(Figure 7a). The main reaction products are H2, CO, CO2, and CH4. Ethylene, acetaldehyde,
and acetone were present in the reaction products in trace amounts only at T = 300 ◦C.
With an increase in the reaction temperature from 200 to 700 ◦C, the hydrogen yield
increased from 0 to ~43%. The yield of methane (YCH4) reached a maximum at a reaction
temperature of 400 ◦C, and then at an increase in the reaction temperature decreased and
became less than 1% at a T = 700 ◦C. The CO yield (YCO) increased over the temperature
range 400–700 ◦C, and was equal to ~40% at 700 ◦C. The behavior of the temperature
dependence of YCH4 and YCO indicated an increase in the contribution of the reaction of
steam conversion of methane with increasing temperature. The curve of the dependence
of the CO2 yield (YCO2) on temperature passed through a maximum (~67%) at a reaction
temperature of 400–500 ◦C.

The temperature dependence of the activity indices of bimetallic Ni-M catalysts, in
general, is similar to those observed in the Ni sample. The advantage of Ni-M systems is a
lower temperature to achieve 100% conversion of ethanol and higher values of hydrogen
yield (Figure 7, Table 2). Note that an increase in the promoter content has a positive effect
on the process performance, while the method of introducing the metal does not matter
(Table 2).
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(a) (b) 

  

(c) (d) 

Figure 7. Temperature dependences of C2H5OH conversion and product yield in ATR of C2H5OH over Ni (a), Ni-Pd-0.012
(C) (b), Ni-Re-0.012 (c) catalysts, and thermodynamic equilibrium values (d).

Table 2. Activity of Ni-M catalysts in ATR of C2H5OH at 600 ◦C 1.

Catalyst H2 Yield, %
Selectivity, %

CO CO2 CH4

Ni 46 30 65 5
Ni-Pt-0.012 (C) 51 27 66 7
Ni-Pd-0.012 (C) 59 31 62 7
Ni-Rh-0.012 (C) 54 30 64 6
Ni-Re-0.012 (C) 65 24 65 11
Ni-Pd-0.003 (S) 50 22 66 12
Ni-Pd-0.012 (S) 58 22 67 11

1 Conversion of C2H5OH was equal to 100%.
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At 600 ◦C, the hydrogen yield increased in the next row of promoters Pt < Rh < Pd <
Re at 100% conversion of ethanol (Figure 8). For the Ni-Re sample, the obtained parameters
of ATR reaction were close to thermodynamic equilibrium values, and the maximum H2
yield (65%) was attained (Figures 7 and 8).

Figure 8. Hydrogen yield in ATR of C2H5OH at 600 ◦C over Ni-M-0.012 (C) catalyst: effect pro-
moter type.

The study of catalyst characteristics after ATR of C2H5OH reaction shows that catalysts
change their textural and structural properties. The values of SBET decreased by 2–3 times,
while the average pore diameter increases (Table 1). The behavior of the distribution of
mesopores in size changed: the portion of large pores increased (Figure 2). It is associated
with the intensification of sintering processes under reaction conditions. The increase in the
contribution to the porosity of large interparticle pores was observed, which was indicated
by the shift of the position of the hysteresis loop to the region of higher values of relative
pressure (Figure 2). There is a tendency to increase the activity of catalysts with an increase
in their resistance to sintering and retention of textural properties (Tables 1 and 2).

According to XRD data (Figure 2, Table 1), support preserves their phase composition
and changes in the phase composition of catalysts are largely associated with changes in
the structure of Ni-containing phases. It can be seen that for spent samples in comparison
with fresh catalysts, the cell parameter of CeO2-based solid solution practically does not
change, but the average crystallite size increases (8 → 13–18 nm) which is associated with
the intensification of sintering processes under the reaction conditions, wherein Ni sample
is characterized by lower resistance to sintering, and the best is Ni-Re (13 vs. 18 nm). For all
samples after the reaction a metallic nickel phase was formed, the average crystallite size
was 16–20 nm (Figure 4b). There was no direct correlation between activity and reducibility
(Figures 6 and 8) in contrast to the literature data [31,50]. All studied Ni and Ni-M catalysts
have the capability to self-activation under reaction conditions and can be used without
preliminary reduction.

It is noted that the value of the unit cell parameter (a) of Nio in Ni-M catalysts (M = Pd,
Rh, or Re) is larger than Nio reference data (a = 3.523 Å): 3.532 Å (M = Pd), 3.528 Å (M = Rh),
and 3.538 Å (M = Re). It is for these catalysts, in contrast to the Ni-Pt sample, that a more
significant promotion effect is observed. It indicates the formation of Ni-M alloy that can
change the detailed structure of the nanoparticle surface as well as modify electronic metal
properties, which affects the activity of the catalysts due to the synergistic effect between
metals.

According to the thermal analysis of spent catalysts in air, carbonaceous deposits
were formed during the reaction. Their content depended on the catalyst composition and
increased in the following row of samples: Ni-Pt (0.3%) < Ni ~ Ni-Rh (1.3%) < Ni-Re (4.5%)
< Ni-Pd (7.5%). An increase in the activity was accompanied by an increase in the yield of
carbonaceous by-products. Thus, a catalysts regeneration procedure should be developed.

It was mentioned above that for the enhancement of Ni catalyst performance in H2 pro-
duction through ATR of C2H5OH, the most effective promotion was with Re (Figure 8). This
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sample was distinguished by resistance to sintering, reducibility in the high-temperature
region, and the formation of Ni-Re alloy particles which optimized the functional proper-
ties of the catalyst due to the synergistic effect between the metals. The developed catalysts
provide equilibrium values of ethanol conversion 100% and hydrogen yield 65%, which
is comparable or higher than those described in the literature (Table 3) and indicates that
they are promising for use in hydrogen energy.

Table 3. Characteristics of the ATP C2H5OH process.

Catalyst Process Conditions
H2 Yield,

mol H2/mol
C2H5OH

Reference

30Ni-
1Rh/Ce0.5Zr0.5O2

C2H5OH:H2O:O2:He = 1:9:0.35:0
T = 600 ◦C. 4.6 [68]

10Ni/ZrO2/Al2O3
C2H5OH:H2O:O2:N2 = 1:6:0:24.5

T = 500 ◦C. 4.1 [69]

10Ni-
0.4Re/Ce0.8La0.2O1.9

C2H5OH:H2O:O2:He = 1:3:0.5:1
T = 600 ◦C. 4.0 This work

10Co/MgO-Al2O3
C2H5OH:H2O:O2:He = 1:3:0.4:0

T = 600 ◦C. 3.8 [70]

Co/Pr/MgO-Al2O3
C2H5OH:H2O:O2:He = 1:3:0.4:0

T = 550 ◦C. 3.4 [71]

5Ni0.3Pt/10CeO2/Al2O3
C2H5OH:H2O:O2:He = 1:8:0.5:0

T = 650 ◦C. 3.2 [72]

0.25Rh0.25Pt/ZrO2
C2H5OH:H2O:O2:He = 1:2:0.2:0

T = 700 ◦C. 3.1 [73]

LaNiFeO3
C2H5OH:H2O:O2:He = 1:3:0.5:0

T = 650 ◦C. 3.0 [74]

10Ni-
3Pt/30CeO2/SiO2

C2H5OH:H2O:O2:He = 1:3:0:0
T= 750 ◦C. 2.4 [75]

2Ir/CeO2
C2H5OH:H2O:O2:He = 1:1.8:0.6:0

T = 700 ◦C. 2.2 [76]

4. Conclusions

An important issue of our time is the development of technologies for the decarboniza-
tion of the energy system. This will reduce the greenhouse effect and become the key to the
sustainable development of society. A promising carbon-neutral technology is a production
of hydrogen from ethanol, the source of which can be a renewable raw material, biomass.
Hydrogen is an important reagent and an alternative energy carrier with high ecological
properties. In this work, the development of efficient bimetallic catalysts for the production
of hydrogen by ATR of C2H5OH was carried out.

A series of Ni-M/Ce0.8La0.2O1.9 catalysts were prepared at the variation of type
(M = Pt, Pd, Rh, and Re) and content (molar ratio M/Ni = 0.003–0.012) of a promoter. The
genesis of materials and their properties were systematically studied by thermal analysis,
X-ray fluorescence analysis, N2 adsorption, XRD, and TEM. It was found that the prepared
catalysts are mesoporous materials with analogous textural properties (SBET = 70 ± 5 m2/g,
Vpore = 0.20 ± 0.01 cm3/g, and Dpore = 11.5 ± 0.9 nm) and phase composition (NiO with an
average particle size of 18 ± 1 nm, Ce-La-O solid solution with an average crystallite size
of 8.0 nm). It was shown that the reducibility of Ni2+ cations is regulated by the type and
content of promoter M as well as the mode of its introduction. It enhances in the following
sequence of promoters Re < Rh < Pd < Pt, with an increase in their content, and when
using the co-impregnation method. The effect of promoter on the functional properties of
catalysts in ATR of C2H5OH was studied, and the optimal composition of the catalyst was
selected. The Ni-M/Ce0.8La0.2O1.9 catalysts have the ability to self-activation under the
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reaction conditions, which makes it possible to exclude the catalyst pre-reduction before
the ATR of C2H5OH. The catalysts after reaction retain sufficient textural characteristics
and dispersion of the active component. To a greater extent, this is observed when rhenium
is used as a promoter. With the optimum catalyst 10Ni-0.4Re/Ce0.8La0.2O1.9, the high
hydrogen yield of 65% in ATR of C2H5OH was achieved.

Thus, the optimal composition of the catalyst and mode of its preparation were
determined. Application of developed 10Ni-0.4Re/Ce0.8La0.2O1.9 catalyst for autothermal
bioethanol reforming reduces the fossil fuel consumption and provides carbon neutrality
of H2 producing technology.
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