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The earth is experiencing a series of epochal emergencies, directly related to the
overexploitation of natural resources. Climate change, economic and health conditions
of poor countries as well as geopolitical tensions affect the availability of raw materials
and, above all, the environmental and economic costs of energy. Researchers around the
world have raised the alarm about the effect of excessive greenhouse gas emissions on the
environment and on humans, advocating for the reduction of greenhouse gas emissions by
at least 45% by 2030 [1] and carbon neutrality by 2050 to ensure a containment of global
warming to +1.5 ◦C [2]. The world is hungry for cheap, clean energy; however, these two
requirements seem difficult to reconcile. The current most practicable route involves the use
of clean energy vectors, and, in this context, hydrogen appears to be extremely promising
in supporting the electrification of processes, which requires long-term energy storage [1].
In this Special Issue, a series of articles tackle the issues associated with the production,
storage, and purification of hydrogen.

Hydrogen production can be centralized or on-site, depending on the intended use. In
both cases, different production processes are used; moreover, in the case of centralized
production, the additional steps involved in the storage and distribution of hydrogen may
present critical issues [3].

Hydrogen can be produced from a large variety of processes and raw materials;
however, only hydrogen obtained from a renewable feedstock (by using renewable energy
sources) can be defined as “green” [4] and hence clean. Most hydrogen is produced via
the natural gas reforming processes; however, the biomass gasification and pyrolysis [5]
to obtain bio-oil and followed by reforming is growing as a green alternative [6]. Model
organic molecules derived from biomass, such as methanol, ethanol [7] or acetic acid [8]
have been extensively studied in the last decades as hydrogen sources by pointing out
the required improvement of the stability and selectivity of the involved catalytic systems.
Water splitting is considered an ideal hydrogen production process as it can potentially
substitute conventional fossil fuel-based processes with zero-carbon dioxide emissions [9].
However, the high cost of the most used Pt-based catalysts for the hydrogen evolution
reaction is a major limitation to large-scale diffusion. Alternative catalytic systems, such
as nickel sulfides on stainless steel, obtained by using electrodeposition and sulfurization
techniques, may represent an effective solution [9]. Biological and photonic methods, such
as fermentation, are extremely attractive but, despite meeting the demand for obtaining
green hydrogen, are affected by the variability of the composition and high process costs,
which represent a serious limitation to their diffusion [10].

Hydrogen storage materials, such as chemical hydride, are strategic hydrogen reserves
that reconcile production with storage needs. An excellent example is the ammonia borane,
which, with a high hydrogen capacity (19.6 wt%), low molecular mass, high solubility and
stability in atmospheric pressure and ambient temperature, can be considered a candidate
for the controlled storage and release of hydrogen [3]. On the other hand, on-site production
allows the overcoming of issues related to distribution and storage, although applicable
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only to small scale productions. In the latter case, the size of the production plants plays a
fundamental role.

When hydrogen is produced by reforming processes, further purification steps are
required to obtain high purity hydrogen; in this regard, a critical issue is related to the
reduction of the CO percentage [11]. To meet the specifications for fuel cell applications
(ISO 14687:2019) the CO content must be less than 10 ppm, while for road vehicles and
stationary appliances it must be less than 0.2 ppm [12]. CO water–gas shift is often used
to reduce the amount of carbon monoxide and increase the amount of hydrogen in the
reformate gas stream. Structured catalysts have been proposed as the best choice for the
design of a single-stage process for small reactors [13]. However, the water–gas shift alone
is not sufficient to reduce the CO content to levels of a few ppm; therefore, an integration
with membranes is required. Pressure swing adsorption can be used to remove most of the
contaminants, not only CO; however, single purification methods are limited. Therefore,
in view of meeting the most stringent standards [14], the integration between two or even
more purification technologies should be adopted.

The hydrogen economy is still a long way off, as a number of limitations and problems
have not yet been resolved and massive investments in research are needed. A new
generation of membranes could be the flywheel for integration with electrified hydrogen
production processes. The articles presented in this Special Issue provide a comprehensive
picture of what has already been done in this regard and what still needs to be done.
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Abstract: Due to its characteristics, hydrogen is considered the energy carrier of the future. Its use as a
fuel generates reduced pollution, as if burned it almost exclusively produces water vapor. Hydrogen
can be produced from numerous sources, both of fossil and renewable origin, and with as many
production processes, which can use renewable or non-renewable energy sources. To achieve carbon
neutrality, the sources must necessarily be renewable, and the production processes themselves
must use renewable energy sources. In this review article the main characteristics of the most
used hydrogen production methods are summarized, mainly focusing on renewable feedstocks,
furthermore a series of relevant articles published in the last year, are reviewed. The production
methods are grouped according to the type of energy they use; and at the end of each section
the strengths and limitations of the processes are highlighted. The conclusions compare the main
characteristics of the production processes studied and contextualize their possible use.

Keywords: hydrogen; reforming; gasification; water splitting; dark-fermentation; photo-fermentation;
CO gas-fermentation; bio-photolysis; electrolysis

1. Introduction

In 2012 the UN Secretary-General stated that ‘Energy is the Golden Thread’, which
connects economic growth, social equity, and environmental sustainability [1]. After
more than 8 years, still today a significant percentage of the world population lives in
conditions of energy poverty, and a large portion depends on highly polluting fuels and
technologies [2]. The 2018 Intergovernmental Panel on Climate Change (IPCC) special
report [3] on the impacts of global warming of 1.5 ◦C above pre-industrial levels and on the
effects of global greenhouse gas emissions (GHG), has pointed out the need to drastically
reduce these emissions. To effectively counteract the climate change, greenhouse gas
emissions need to be reduced by at least 45% by 2030 [4], and carbon neutrality reached
by 2050 [5] to stay below +1.5 ◦C of global warming. Therefore, we have two challenges
ahead of us, we need more energy, but it has to be clean energy. Despite a wide variety
of energy sources, fossil fuels (coal, oil and natural gas) still provide most of the energy
needed to support human activities [6], but to achieve carbon neutrality the sources can
only be renewable; therefore, it is necessary to reduce the consumption of fossil sources.
Hydrogen is not a primary source but an energy vector [7], however some characteristics
make it an extremely attractive candidate for making an energy transition to renewable
sources. Hydrogen has been discovered for more than three hundred years [7,8], it is the
most abundant element in the universe [9]; hydrogen can be produced from a wide range
of technical processes and feedstocks, both fossil fuels, i.e., non-renewable source, and
renewable sources such as biomass, moreover it is not toxic and it has heating values of 2.4,
2.8 and 4 times higher than those of methane, gasoline and coal, respectively [10]. Biomass
is considered a promising source for hydrogen production (the hydrogen content in biomass
is ∼5–7 wt%), as a CO2 neutral precursor, although the carbon footprint, in using biomass,
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is not effectively neutral [11]. It has been reported that 8.99 × 10−2 eqv·g·s−1 of CO2 are
emitted to produce 0.484 MJ·s−1 of hydrogen from 2.53 × 106 kg of biomass [11]. One of
the critical aspects in the use of biomass is associated with land consumption, however
alternatives like lignocellulosic, crops and organic waste sewage sludge, biooil, and biochar
can be used as alternative. The nature and the availability of the feedstock is just one of
the critical parameters, in the choice of the best process to be used, the energy required
to sustain the process and the eventual use of catalysts, are equally crucial [12]. Different
types and combinations of energy can be used, included thermal, electrical, bioenergy and
photonic. The renewability of energy sources is another critical parameter, and plays a
fundamental role, in the choice of the processes that will lead us to carbon neutrality.

This review aims to provide an overview of the major hydrogen production processes,
mainly but not only focusing on those that make use of renewable sources, moreover for
each process some relevant articles published in the last year are reviewed.

2. Thermal Methods

Currently, most hydrogen is produced by thermal processes, including reforming,
gasification, and thermochemical methods. In the next sections a general overview of the
main process will be provided.

2.1. Steam Reforming

The steam reforming is an endothermic equilibrium reaction, in which hydrogen is
obtained through a catalyzed reaction between a hydrocarbon and steam (1):

CnHm + n H2O ⇆ n CO + (n+1/2m) H2 (1)

Among the reforming processes, methane steam reforming (MSR) is the most feasible
route to convert methane into hydrogen [13].

2.1.1. Methane Steam Reforming

Methane, with an energy density of 55.5 MJ·kg−1, is the simplest hydrocarbon
molecule; in reforming it is reacted with steam at 700–1000 ◦C under a pressure range of
3–25 bar [14]. In addition to carbon monoxide and hydrogen, in the gas stream at the outlet
of the reformer, unreacted methane and carbon dioxide are also present, therefore, further
treatment/purification steps are necessary for obtaining pure hydrogen. In particular,
one [15] or two stages of CO-water gas shift [16,17] followed by selective methanation [18],
preferential oxidation [19] or a treatment with permselective membranes [20]. Although
noble metal-based catalysts provide high activity and good stability, the high cost and
the limited availability of the noble metals prevent their use, so Ni/Al2O3 is the most
used commercial catalyst for MSR [21]. Unfortunately, these catalysts suffer of serious
deactivation, due to the coke formation and Ni particle sintering. It has recently been
shown that the application of a uniform positive electric field is able to modify the catalytic
behavior of Ni-based catalysts during methane steam reforming by improving the methane
activation at the surface while reducing the coke formation [22]. Both experimental and
computational observations suggested that the positive field promotes the oxidation of the
Ni catalyst, through the activation of water at the catalyst surface, in addition, it suppresses
the polymeric carbon formation. Increased performance can be obtained by the addition of
promoters, such as cerium oxide [23], which is able to enhance the methane conversion
and provide a beneficial effect on coke resistance as well. Sintering-resistant Ni@SiO2
catalyst has been recently reported in which the encapsulation in thermally stable SiO2
nanospheres, prevent the Ni nanoparticles migration and thus avoided aggregation [24].

One of the major challenges in MSR process, is the managing of the high reaction
temperatures; to reach 700–800 ◦C at the center of the catalytic bed, 1200 ◦C on the external
reactor wall are needed. The use of structured catalysts, obtained by coating highly
conductive carriers, with the catalytic formulation, provide a flattening of radial thermal
profile on the catalytic bed, thus lowering the outside temperatures [13]. Alternatively, it
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has also been proposed to fill the voids of highly conductive open cell metal foams with
small catalytic pellets, in order to exploit the radial heat transfer of the tubular reactor,
due to the thermal conductivity of the interconnected solid matrix, while avoiding the
washcoating of metal structures [25]. An inversion of the reactor configuration has been
proposed, in which heat is provided from within the structure, so the reforming reaction is
directly sustained by using the electrically driven SiC-based structured catalyst, obtained
by washcoating a SiC heating element, without any external heat source [26]. Similar
results have been obtained by using microwave heating for SiC-based structured catalysts,
in which the dielectric properties of silicon carbide are used to transfer the heat directly to
the catalyst, thus generating it directly inside the catalytic volume [27].

Intensification of the methane steam reforming process plays a key role, in order to
achieve the objectives, set by the EU regulation. Indeed, electrification becomes competitive
if the electricity used comes from renewable sources. The methane used in the reforming
processes is mainly of fossil origin, however some studies have shown that the biomethane
generated by the anaerobic digestion of sewage sludge can also be used [28]. A concrete
alternative to methane comes from the use of biomass.

2.1.2. Bio-Oil Model Molecules Reforming

Concerning the thermal methods, two major routes to produce hydrogen from biomass
are possible: the gasification to obtain syngas and the pyrolysis to obtain bio-oil, followed
by reforming [29]. Bio-oil has larger energy density than biomass, composed by a mixture
of organics including alcohols, carboxylic acids, aldehydes, ketones, furans, phenolics,
etc. [30].

Several studies have recently been published in which the performance of bio-oil
model molecules has been investigated. Comparative studies on the steam reforming of
a series of organic molecules (methanol, formic acid, ethanol, acetic acid, acetaldehyde,
acetone, furfural, guaiacol) derived from bio-oil, have demonstrated that the molecular
structures drastically influence the reactivity and tendency to coking during steam reform-
ing [29]. Methanol and formic acid could be reformed at low temperature, as they do not
contain aliphatic carbons chain to be cracked, showing negligible coking (Figure 1). The
steam reforming of ethanol, acetic acid, acetaldehyde, or acetone required much higher
temperature, and generated remarkable amounts of coke deposits, especially acetone and
acetaldehyde.

Figure 1. Coke formation trend per reactant molecule [29].

The characteristics of the catalyst play a fundamental role in the coke formation mech-
anisms. Comparative studies have showed that alumina support remarkably influences the
catalytic stability of the catalyst, in methanol, acetic acid and acetone steam reforming [31].
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The unsupported Cu showed lower stability than Cu/Al2O3, while the unsupported Ni
showed higher stability than Ni/Al2O3, the unsupported Co was prone to coking.

In addition to the tendency to coke formation, a critical issue is the availability/
renewability of the feedstock; bio-alcohols such as methanol, ethanol and glycerol can be
easily obtained from renewable sources, therefore they seem to be a valuable alternative to
natural gas.

2.1.3. Methanol Steam Reforming

Methanol can be obtained from biomass and CO2, which makes it an attractive raw
feedstock for reforming processes. The main advantage over ethanol is the lower tendency
to coke formation, due to the high H/C ratio, moreover the absence of C-C bonds prevents
the formation of a series of byproducts [32]. Cu-based catalysts are the most extensively
studied catalysts for methanol steam reforming; although they show good activity at
low temperature, the easily to sintering cause irreversible deactivation of the catalysts.
To improve activity and stability of Cu-based catalytic systems, Cu-Al spinel oxide has
been doped by adding MgO [33]. Mg2+ cations partially replaced Cu2+ incorporating
into the spinel lattice, thus making it become hard to be reducible, consequently the
doped catalysts showed a lower copper releasing rate and smaller copper particles. On
the other hand, copper was successful used as promoter to increase the selectivity of
Pd-based catalysts in methanol steam reforming [34]. The CuPd/TiO2 bimetallic catalytic
system showed improved performance, with respect the monometallic counterpart, by
both thermo-photocatalytic and photocatalytic processes [35].

CuFeO2-CeO2 nanopowder catalyst, with a heterogeneous delafossite structure, pre-
pared by the self-combustion glycine nitrate process, showed an improved H2 generation
rate of 2582.25 STP cm3·min−1·gcat

−1 at a flow rate of 30 sccm at 400 ◦C [36]. CuO/ZnO was
successfully loaded onto a metal-organic framework material (Cu-BTC), thus improving
the stability [37]. (Ni0.2Cu0.8)/boron nitride nanohybrids have been studied, showing high
catalytic stability and high CO2 selectivity, moreover no carbon monoxide was detected
during the full methanol conversion [38].

The effect of the support was also investigated in Cu/ZrAl-based catalysts, showing
that the Zr/Al molar ratio of 0.4, in the support, improve the interaction between copper
species and the support, resulting in a homogeneous distribution of highly dispersed
Cu, with enhanced reducibility [39]. In a comparative study between different alumina
supports, the commercial A520 MOF derived G-Al2O3, in copper and palladium catalysts,
has showed superior outcomes, attributed to the higher surface area, larger pore volume
and possible defects in nanoscale alumina [40]. Different synthesis methods were also
evaluated for CuZn/MCM-41 catalysts, revealing that the co-impregnation is the most
effective method [41].

Alternative catalytic systems have been also proposed, for example ZnCeZr9Ox cata-
lyst exhibited a full methanol conversion and an H2 production rate of 0.31 molh−1gcat

−1

at 400 ◦C; the incorporation of Zn2+ into CeZr9Ox matrix, modulate the surface OLatt/OAds
ratio, and generate a Zn-O-Zr interfacial structure, corresponding to the lattice/bridge
oxygen thus increasing the CO2 selectivity [42]. Zn-modified Pt/MoC catalyst exhibited
superior hydrogen production activity, with exceptionally low CO selectivity at low tem-
peratures (120–200 ◦C), due to the formation of α-MoC1-x phase and to the enhanced
Pt dispersion [43]. InxPdy/In2O3 aerogels exhibited excellent CO2 selectivity of 99% at
300 ◦C [44].

2.1.4. Ethanol Steam Reforming

Ethanol can be produced through fermentation of saccharides, and after distillation,
bio-ethanol can be used in ethanol steam reforming (ESR); the post-ESR reformate has
a high heating value of about 1450.9 kJ·mol−1 [45]. ESR has been investigated both by
using simulated bio-ethanol feeding, and by using crude bio-ethanol or model mixture
containing typical contaminants, however in the latter case, fast catalyst deactivation
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occurs [32]. Nickel-based are the most studied catalysts for ESR, due to the low cost, as
alternative cobalt and platinum have also extensively investigated. The major issue in ESR
process is the carbon formation, different strategies have been proposed to overcome this
limitation, such as the use of promoters and method to control the metal particle size.

Potassium has been successfully used as promoter of Co/Al2O3–CaO catalysts. The
K-promoted catalysts showed higher hydrogen yield and lower methane selectivity than
the unpromoted catalysts, mainly due to the suppression of methanation reaction [46].
On the other hands, sodium doping decreases the catalytic activity, but significantly
increases the CO2 selectivity, improving the H2 selectivity, in Pt/m-ZrO2 catalysts [47].
The addition of sodium favors the decarboxylation route, the decomposition of acetate at
lower temperatures, yields methane and adsorbed carbonate, which decompose to carbon
dioxide. Moreover, sodium promotes C-C scission. Ga doping of ceria-based catalysts
improves the H2/CO2 ratio in ESR reaction, by changing the product distribution and
reducing the coke formation [48]. The stability of Co/CeO2 and Ni/CeO2 catalysts have
been improved by the La2O3 promoter, the carbon formation rate has been reduced as
results of an increased active phase dispersion and a strengthening of the metal-support
interactions [49].

In a comparative study, the effect of a series of promoters, including Na, Mg, Zr, La, Ce
and the elements from K to Zn in the periodic table of elements, on Co/Al2O3 catalyst was
evaluated [50]. Na, K, Cu, Ni and Ce addition promoted the catalytic activity, while Mg, Ca,
Sc, Ti, V, Cr, Mn suppressed it, Na, K, Ca, Fe, Zn and La helped to suppress coking while
Cu or Zr enhanced. Na suppressed the formation of acetyl species, while Cu promoted the
acetyl species, C=O and C=C formation, bringing Cu-Co/Al2O3 towards coking.

A dragon fruit-like Pt-Cu@mSiO2 catalyst for low temperature ESR reaction has been
successfully synthesized by encapsulation strategy, with Pt-Cu alloy nanoparticles, of
about 50 nm, embedded in the mSiO2 [51]. This catalyst showed better performance than
Pt@mSiO2, Cu@mSiO2 and the supported Pt-Cu/mSiO2 catalysts, in terms of activity, H2
selectivity, and stability. The mesoporous SiO2 shell prevents leaching and aggregation of
active sites and spatially suppresses the carbon deposition on the active surface (Figure 2).

−

Figure 2. Schematic representation of the use in ESR of dragon fruit-like nanocomposite [51].

Graphene-encapsulated Ni nanoparticles (Ni@Gr), fabricated via in-situ growth
method, showed good activity and durability in ESR at 550 ◦C [52]. Density functional the-
ory calculations demonstrated that the presence of defects improved the adsorption energy
of all reaction species. The primary reason for catalyst deactivation was the carbonaceous
deposition. Spinel-type mixed manganese-chromium oxides MnxCr3-xO4, prepared by
Pechini route have been used as support for the co-deposition of Ni and Ru; the strong
metal-support interaction stabilized small clusters of metals/alloys, preventing carbon
nucleation in ESR [53].

Biochar-supported Ni catalyst has also been used in ESR [54]. The results showed that
biochar is a promising support as well as itself a reforming catalyst, in fact it contains alkali
and alkaline earth metallic species and O-containing functional groups, which are factors
affecting the catalytic performance.
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2.1.5. Glycerol Steam Reforming

The use of glycerol in reforming processes is very promising; it can theoretically
provide seven moles of hydrogen for every mole of C3H8O3 [55], moreover glycerol is a
by-product of biodiesel production, whose commercial value has been strongly affected by
excessive supply. The use of glycerol for the production of value-added chemicals, such as
hydrogen, appears to be the best way to exploit it and simultaneously increase the global
biodiesel market [56]. Even in the case of glycerol steam reforming, the noble metal-based
catalysts show excellent performance [57], in particular excellent activity has been found
with Pt-based catalysts [55], moreover the presence of promoters suppresses the coke
formation, however the high cost makes them uncompetitive compared to nickel-based
catalysts [58].

The catalytic behavior of Ni catalyst supported on CaO-modified attapulgite in glyc-
erol steam reforming, has shown that the addition of CaO promotes the dispersion of the
active component, promoting the water gas shift reaction, thus leading to improved hydro-
gen yields [59]. Moreover, the addition of CaO enhances the inhibition of carbon deposition,
prolonging the stability of the catalyst. The incorporation of CeO2 into NiAl2O4 spinel
is able to suppress the coke formation, through the formation of a CeAlO3 phase which
hinders the growth of filamentous carbon on nickel surface and enhances the gasification
of carbon deposits by providing an oxidative environment around nickel active sites [60].
Recently, it has been showed that MgO is able to suppress the sintering of cobalt based
catalysts in glycerol steam reforming, moreover the promotion with copper suppresses the
coke formation [61].

The sintering of the active metal was suppressed in the bimetallic MNi/CNTs (M = Co,
Cu and Fe, CNT = carbon nanotube) catalysts, in which Ni oxide was introduced into
the cave and the other one was dispersed on the external wall of CNTs [62]. Flame spray
pyrolysis has been successfully used to produce nano-sized Ni-based steam reforming
catalysts for glycerol starting from LaNiO3 and CeNiO3 as base materials by varying
the formulation, mixing them or incorporating varying amounts of ZrO2 o SrO during
synthesis [63]. The deactivation resistance was increased by improving the dispersion of
nickel through the formation of Ni-La or Ni-Ce mixed oxide. ZrO2 provided high thermal
resistance, while a base promote /support, such as La2O3, downgraded the surface acidity
of ZrO2.

2.2. Autothermal Reforming

Autothermal reforming (ATR) is an interesting process which uses the heat of an
exothermic reaction (partial oxidation, POX) to sustain the endothermic steam reforming
reaction, by feeding air, steam, and the reacting feedstock, such as methane, methanol or
ethanol to produce a H2-rich stream. The main characteristic of ATR is the low energy
requirements: by properly selecting the oxygen/fuel ratio, no external heat is required;
moreover, oxygen availability may promote coke gasification reactions.

Ni-based catalysts are the most used in methane autothermal reaction, mainly due to
the low cost; unfortunately, the sever reaction conditions can lead to the rapid deactivation
of the catalyst. The use of promoters or bimetallic catalytic systems can improve the
performance of these catalysts; series of 10Ni-M/Ce0.5Zr0.5O2/Al2O3 catalysts (M = Pt,
Pd, Re, Mo, Sn; molar ratio M/Ni = 0.003, 0.01, 0.03) have been tested in CH4-ATR [64].
The catalysts with Pt, Pd, Re, or Mo, by contrast to the non-promoted sample, showed
the ability to self-activate under the reaction conditions, making not necessary the catalyst
pre-reduction, due to the improved reducibility. 10Ni-0.9Re/Ce0.5Zr0.5O2/Al2O3 catalysts
has shown high resistance to oxidation and sintering of the Ni active component as well as
the resistance to coking.

The catalyst preparation method is one of the aspects that can improve the catalytic
performance by enhancing the catalyst’s physicochemical properties. These methods alter
the metal-support interaction, thereby changing the kinetics of the catalyst which can result
in enhanced productivity, reduced cost, and optimized energy requirements [65].
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In a comparative study, bimetallic Cu-Ni catalysts, supported on binary oxides contain-
ing ZnO, ZrO2, CeO2 and Al2O3, were investigated, for the hydrogen production via the
oxidative steam reforming of methanol [66]. At high temperature the most active catalyst
was 30%Cu–10%Ni/CeO2Al2O3, the good performance was attributed to the Cu0.8Ni0.2
alloy formation, as well as the high acidity and easy reducibility. At low temperatures,
the best catalytic performance was obtained with 30%Cu–10%Ni/ZrO2Al2O3. A series
of CuO/Ca2Fe2O5 catalysts, with different contents of copper were prepared as catalytic
oxygen carrier (COC) which goes through the reduction → catalytic methanol conversion
→ re-oxidation route [67]. The results showed that the 40%Cu-loaded catalyst had the
highest catalytic activity: the presence of Ca2Fe2O5 tunes the redox activity and mobility of
the lattice oxygen, obtaining a H2 production rate of 37.6 µmol·H2·gCOC

−1·s−1 at 240 ◦C.
Ni, Pt and a mixture of Ni and Pt supported on ZnO-rods were evaluated in methanol
autothermal steam reforming, in the temperature range 200–500 ◦C [68]. The bimetallic
catalysts showed the best catalytic activity, due to the formation of PtZn and NiZn alloys.

Pt-Ni/CeO2-SiO2 and Ru-Ni/CeO2-SiO2 catalysts were compared in an oxidative
ethanol steam reforming reaction [69]. In both cases, the catalysts deactivated with time-
on-stream, due to the severe reaction conditions; however, the Pt-based catalysts showed
the highest ethanol conversion, hydrogen yield and the lowest carbon formation rate.
A detailed kinetic mechanism has been also compared against experimental data and
apparent kinetics, demonstrating that coke formation is associated with the 2-hydroxyethyl
radical reaction path, explaining the effectiveness of the catalyst in coke suppression [70].

2.3. Gasification

Gasification is a process in which carbonaceous materials are converted in syngas,
at high temperature, in presence of an oxidizing agent. Various types of biomass can be
used as potential feedstocks for hydrogen production via gasification, including algae,
food waste, municipal solid waste, and lignocellulosic biomass [71]. The hydrogen yield is
strongly dependent on the process conditions of the biomass gasification, on the tempera-
ture of the steam flow but also on the type of raw material, which is a critical problem [72].
In a recent study, the optimization of biomass blending, which can be an effective way
to overcome the problem of enormous feedstock variability, has been studied [73]. The
simulation model used various biomass feedstock, including date pits, manure, and sewage
sludge to correlate the biomass blending to the H2/CO ratio in the obtained syngas, as
alternative to the manipulation of process conditions.

One of the main problems of conventional gasification is the impossibility of using
biomass with a high moisture content. Gasification in supercritical water (SCW) can
directly use the biomass without drying process, since the reaction occurs in water phase.
An experimental study on cornstalk gasification in SCW, carried out in the temperature
range of 500–800 ◦C, a reaction time of 1–15 min and a feedstock concentration of 1–9%,
has shown that the carbon gasification efficiency reaches 99% at the temperature of 700 ◦C,
reaction time of 15 min and biomass concentration of 3% [74]. A parametric research on
supercritical water gasification of food waste conducted with a micro quartz tube batch
reactor (Figure 3), demonstrated that the complete gasification can be basically realized
with a carbon gasification efficiency of 98% at a temperature of 850 ◦C, a concentration of
5 wt% and residence time of 10 min [75].
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→

Figure 3. Supercritical water gasification experimental procedure with a micro quartz batch reac-
tor [75].

2.4. Thermochemical Water Splitting

Water splitting is the reaction in which water is splitted into hydrogen and oxygen (2):

2 H2O + heat → H2 + O2 (2)

Complete decomposition in a single step can be obtained only at high temperatures
(above 2000 ◦C), while thermochemical cycles, with multiple steps, and lower operating
temperatures can supply the required heat [76]. The pure thermochemical cycles are driven
either by only thermal energy (Figure 4a), while hybrid ones (Figure 4b) are driven by
thermal and some other form of energy (e.g. electrical, photonic) [10].

In two-step thermochemical cycles, two separate reduction/oxidation steps utilizing
a metal oxide as a reactive intermediate may be performed: (i) a higher valence metal
oxide is reduced to the corresponding low valence metal oxide or metal and oxygen is
produced (reduction step) and (ii) the lower valence metal oxide (or metal) reacts with
water to form hydrogen and a higher-valence metal oxide (water splitting step), which
is subsequently recycled in the first step [77]. The three-step processes can be obtained
from the two-step one, in which the highest temperature reaction is replaced by a two-step
reaction, thus achieving a reduction of the maximum temperature required. In most cases,
the required temperature for water splitting decreases when more steps are employed, but
the same decreasing trend also occurs for the efficiency potential due to the energy losses
associated with heat transfer and products separation in each step. The sequence in the
four-step cycles is: hydrolysis, evolution of hydrogen, evolution of oxygen and recycling of
reagents [10].

→

Figure 4. Schematic representation of pure (a) and hybrid (b) thermochemical cycles [10].

The four-step iron-chlorine (Fe-Cl) cycle was modelled by the Aspen Plus software
package [78]. The results showed that the pressure does not significantly affect the reaction’s
production rates, while an increase in temperature favors oxygen production in reverse
deacon reaction and magnetite production in hydrolysis and lowers hydrogen production
in the hydrolysis step. Moreover, the steam/chlorine ratio is directly related to the HCl and
oxygen production, in reverse deacon reaction and hydrogen production in hydrolysis.
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Perovskite type mixed metal oxide compound, such as barium ferrite oxide, possesses
good chemical and thermal stability under severe conditions, besides high oxygen storage
capacity (OSC) and reducibility [79]. The addition of La3+ and Ga3+ to BaFeO3-δ was inves-
tigated in water splitting, and the best performance was obtained with Ba0.95La0.05FeO3-δ,
showing a H2 production of about 1310 µmol·g−1 at 900 ◦C. Probably the smaller La3+

ionic radius compared to Ba2+ can lead to a larger lattice free volume for oxygen transport.
The cubic perovskite SrTi0.5Mn0.5O3−δ was tested in a water splitting cycle in which the
material is thermally reduced at 1350 ◦C (pO2, ∼10−5 atm) and subsequently exposed to
steam at 1100 ◦C (steam partial pressure of pH2O = 0.4 atm), obtaining a hydrogen yield
of 7.4 cm3·g−1 [80]. The cyclic operation did not show any degradation of the material,
resulting in a constant 2: 1 yield of H2/O2.

Ce0.9Me0.1Oy (Me = Fe, Co, Mn, and Zr) have been tested in thermochemical water
splitting, both as powder and as mixed oxides reticulated porous ceramic (RPC) structures,
obtained with sponge replica method [81]. The Ce0.9Fe0.1Oy powder oxide showed the best
hydrogen production (8.5 STP cm3·H2·gmaterial

−1·cycle−1) and stability during consecutive
cycles, while the Ce0.9Fe0.1Oy RPC sponge, showed an outstanding hydrogen production
of 15 STP cm3 gmaterial

−1·cycle−1 at a maximum temperature of 1300 ◦C, due to the to the
open macroporosity of the reticulated porous ceramic structure, which enhanced both heat
and mass transfer.

2.5. Remarks on Thermal Methods

The major drawback of thermochemical methods is the need to supply heat, which
normally comes from fossil fuel combustion, typically by electric heating or by using a
catalytic combustor [82]. To make these processes sustainable, not only must the feed-
stocks be renewable, but also the energy needed to the process should be sustainable
too. For this reason, solar [83,84], wind and geothermal energy represent an interesting
alternative to conventional methods, which, however, are feasible where cost savings are
demonstrated. In a recent study a geothermal-assisted methanol reforming, incorporating
a proton exchange membrane fuel cell, for hydrogen production, has been proposed [85].
Thermodynamic and economic assessment have showed that an annual cost-saving can
be obtained of 20.9%, compared with the conventional system. Another issue is the signif-
icant production of CO2 as byproduct, which can be captured by sorbents, such as CaO
in the sorption enhanced steam reforming processes, thus improving the H2 yield [86].
Membrane-assisted steam reforming is also an intriguing option for H2 production from
biomass, especially in refueling stations for automotive fuel cells [87]. The energy con-
sumption required for H2 compression can be significantly reduced if the process supplies
H2 at high pressures. Thermodynamic analyzes show that, in the case of ESR, reforming
temperatures above 550 ◦C are required to obtain H2 partial pressures that will allow
operation without sweep gas, obtaining appreciable energy savings. Thermochemical
water splitting presents some significance advantages, including no need of electricity in
pure water splitting and no need of membranes for the hydrogen separation [10]. Biowaste-
based biomethane as a feedstock for hydrogen production, in reforming processes, seems
to be an intriguing option, as it can lead to negative life-cycle greenhouse gas emissions
even without CO2 capture and storage (CCS) [88]. Reforming-based hydrogen production
processes with CCS can be considered a clean technology, as the life-cycle greenhouse gas
emissions are lower than those of hydrogen from electrolysis, considering that the most of
electricity supplied, is still largely based on fossil fuels [88].

3. Photocatalytic Methods

In the framework of photocatalytic methods, we basically refer to hydrogen production
by water splitting using solar energy, through the generation of electron-hole pairs by
photons and semiconductors [89].

Photoexcited electron-hole pairs can be separated efficiently using sacrificial agents,
which allow the formation of hydrogen with reduced electron-hole pair recombination.
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Nowadays, however, this process faces challenges in being implemented using visible light,
given its low photon conversion efficiency [89]. To achieve photocatalytic water splitting,
feasible photocatalysts must meet some fundamental criteria: they must absorb visible
light (display suitable band gaps), they must be chemically stable under redox conditions,
they must have a low cost, they must be recyclable, they must be chemically resistant and
they must be adaptable for large-scale hydrogen production. In this sense, the design of
efficient photocatalysts with high photo-conversion efficiency is the target for completing
the photocatalytic hydrogen evolution [89].

In the last years different configurations have been proposed, including CuS- and
NiS-based heterojunctions, titanium dioxide based core–shell structures and periodical
structures with excellent adsorption ability, and imogolite hollow cylinders [90], as well as
S-scheme heterostructure [91]. Among them, the titanium dioxide based ones are the most
interesting, due to the chemical resistance properties, accessibility, and affordability [92].
Moreover, in recent years the scarce activation of titanium dioxide by visible sunlight has
been mitigated; novel strategies of doping development of novel composites are allowing
to obtain interesting results also in the field of visible light-activated photocatalysis [92].
The addition of different metals to titanium dioxide results in increasing the hydrogen
production under visible light. In the case of palladium [93], a “series-parallel” reaction net-
work has been proposed for describing the water splitting reaction using the mesoporous
Pd-TiO2 and ethanol as organic scavenger (Figure 5) [94].

β

Figure 5. Schematic illustration of the three water splitting methods [94].

The addition of earth-abundant metals has a positive effect, in particular in the case
of Ni [95] and Cu [96,97]. A high activity in hydrogen evolution under visible light has
been demonstrated also for solid solutions of cadmium and manganese sulfides, due to
their valence and conduction band position tuning, and for composite photocatalysts,
CdS-β-Mn3O4-MnOOH, due to the ternary heterojunction formation [98]. Although rea-
sonable research progress has been accomplished on the design of photocatalysts with
high-conversion efficiency, there are still some issues to be addressed. For example, most
metal chalcogenides-based heterojunctions can only split water in the presence of sacrifi-
cial agents.

Photocatalysis may also be used for hydrogen production from water, by using titania-
containing gold nanoparticles [99], or wastewater pollutant removal, by using TiO2-based
catalysts [100,101] or metal halide perovskites [102]. In the latter processes, the contem-
porary targets of hydrogen production and the abatement of harmful pollutants may be
reached, with an evident environmental benefit.
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Hydrogen production may also be obtained through the so called “photoreforming
processes” of organic substrates, such as methanol, ethanol, glycerol, sucrose, glucose,
starch and wood [103], as well as of aromatic water pollutants [104]. In these processes,
modified TiO2-based catalysts are the most used materials for having higher hydrogen evo-
lution.

The main problems of catalytic water splitting are the need for sacrificial reagents,
typically organic, whose cost and environmental impact is not negligible, the development
of more active visible light photocalysts and the design of low-cost reactors. These problems
make these methods uncompetitive from an economic point of view.

4. Biological and Photonic Methods

Biological processes allow producing hydrogen from renewable resources such as
biomass and solar energy; the main processes can be classified as direct/indirect photolysis,
photo-fermentation, dark-fermentation, and CO gas-fermentation [105].

4.1. Dark-Fermentation

In dark-fermentation process, hydrogen is produced from organic materials, such
as sugars, amino acids, waste materials, wastewaters and so on, without light, by using
anaerobic organisms [106]. Dark-fermentation is considered a promising alternative to
traditional hydrogen production methods, due to the low estimated production costs [107].
Hydrogen-producing bacteria can be classified as spore-forming obligate anaerobic bacteria,
non-sporulating anaerobes and, facultative bacteria (Figure 6) [108]. The Clostridium
bacteria, belonging the spore-forming obligate anaerobic microorganisms, are considered
the most efficient bacteria in hydrogen production; the fermentation can be both acetate-
type (3) and butyrate-type (4) [108].

C6H12O6 + 2H2O → 2CH3COOH + 4H2 + 2CO2 ∆G◦ = −206 kJ·mol−1 (3)

C6H12O6 → CH3CH2CH2COOH + 2H2 + 2CO2 ∆G◦ = −255 kJ·mol−1 (4)

The yield of the process depends on a series of factors: pH, temperature, pressure, the
hydraulic retention time [109], the type of organism, the composition of the substrate and
the presence of metals, and several studies focus on the effects of changing these parameters.
For example, the dark-fermentation can take place both with indigenous bacteria and by
adding microbial inoculum; a recent study focused on determining if the indigenous bacte-
ria associated with thermal pretreatment can impact on the performance [110]. The study
has been carried out on seven organic substrates and has demonstrated that the indigenous
bacteria are effective as the thermally pretreated exogenous bacteria in producing hydrogen.
The highest hydrogen yield was obtained with Clostridiales and Enterobacteriales.

The invasive aquatic weed A. philoxeroides has been used to evaluate the effect of
a steam-heated acid pretreatment and enzymolysis on the dark-fermentation, by using
Enterobacter aerogenes ZJU1 mutagenized by 60Co-γ irradiation as inoculum [111]. The
study showed that the acid treatment significantly disrupts the fiber of the A. philoxeroides,
contributing to the higher yield in reducing sugar and consequently a hydrogen yield
increase by 59.9%. The effect of salinity and pH on dark-fermentation of swine wastewater
pretreated with thermophilic bacteria, has showed that 1.5% of salinity and a pH = 6 are
the optimal condition for hydrogen production, while 3.5% of salinity and pH = 5 are able
to inhibit the production [112].
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Figure 6. Three examples of the taxonomic composition of H2-producing communities dominated
by the different groups of H2-producing microorganisms [108].

The use of lawsone and anthraquinone 2-sulphonate covalently immobilized on
activated carbon, as redox mediators, has been evaluated in the dark fermentation of
glucose by a pretreated anaerobic sludge [113]. The results showed that the use of lawsone
increased the hydrogen production of 10%, while anthraquinone 2-sulphonate improved
the hydrogen production rate of 11.4%. A remarkable increase in hydrogen production
from waste activated sludge was obtained by freezing in the presence of nitrite [114].
The pretreatment accelerates the disintegration of sludge and promote the biodegradable
organics released, thus providing more bio-available substrate for hydrogen production.

The iron hydroxide mineral ferrihydrite is able to promote the hydrogen production
by Clostridium, redirecting the metabolic pathways and stimulating the bacterial growth,
thus improving the carbon and electron conversion [115]. The addition of iron and nickel
nanoparticles improve the fermentation process enhancing the hydrogen production by
Clostridium butyricum [116]. Similar improvements were obtained by including NiO and
CoO nanoparticles to dark fermentation of rice mill wastewater using Clostridium beijerinckii
DSM 791 [117].

One of the main problems, related to this process is the homoacetogenesis (5) [108]:

4H2 + 2CO2 → CH3COOH + 2H2O ∆G◦ = −104 kJ·mol−1 (5)

Due to the negative impact on the hydrogen production, prevention, and control of
homoacetogenesis are being studied. Currently there is no method to completely eliminate
homoacetogenic bacteria, as their presence depends on the culture, substrate and process
parameters. The strategy to minimize its impact is therefore to control CO2 and H2
concentrations during the process. For example, studies on the effect of shear velocity on
hydrogen production, in a dynamic membrane bioreactor, containing a 50 µm polyester
mesh as support material, have shown that the homoacetogenic pathway can minimized
by choosing the optimal shear velocity, thus improving the hydrogen production [118].

4.2. Photofermentation

Photofermentation is a process in which hydrogen is produced from organic com-
pounds through a nitrogenase-catalyzed reaction, in the presence of light energy, by pho-
tosynthetic or anaerobic bacteria, such as Rhodobium, Rhodobacter, Rhodospirillum, and
Rhodopseudomonas [119]. The major limitations to the industrialization of photofermenta-
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tion are the availability and distribution of light and to the need for specific substrates, i.e.,
small fatty acids, including acetate, propionate and butyrate [120]:

CH3COOH + 2H2O + Light → 4H2 + 2CO2 ∆G◦ = +104 kJ·mol−1 (6)

As in the case of dark-fermentation the influence of a series of process parameters
have been recently studied, with the aim of optimizing the hydrogen production from
photo-fermentation.

Lighting and mixing significantly affect the hydrogen production performance from
agricultural waste (Figure 7); mixing enhance the mass transfer and shorten the lag phase,
however the higher is the mixing speed the higher is the light intensity requirement [121].
Intermittent stirring has shown to increase the hydrogen production rate of 65.05% com-
pared to continuous stirring, in corn stover hydrolysate photo-fermentation [122].

A combination of ultra-sonication and biosorption using banana peels waste pre-
treatment, for mixed effluents of 70% restaurant and 30% brewery, enhance the photo
fermentative hydrogen production processes [123]. Addition of glycerol to Arundo donax L.
can enhance the hydrogen production via photofermentation, due to redox potential [124].
The highest hydrogen yield (79.2 cm3·gsubstrate

−1) was obtained with a glycerol: Arundo
donax L. ratio 1:1.

Substrate concentration has been shown to be crucial in the process of photo-fermentation
hydrogen production in a study using potato taken as a starch-rich agricultural leftover
under fluctuating conditions [125].

The effects of NaOH and Ca(OH)2 pretreatments on giant reed for the photofer-
mentative hydrogen production, was evaluated [126]. The results showed that the 20%
NaOH pretreated giant reed biomass reached the highest hydrogen yield (98.3 cm3·gTS

−1;
TS = total solids), which was 20% and 70% higher than the highest level obtained with
Ca (OH)2 pretreated (20% Ca(OH)2) and untreated giant reed, respectively. The optimal
substrate concentration of 25 g·dm−3 was found beneficial to hydrogen production, in
cellulase and protease hydrolysis of Chlorella biomass [127].

The effect of enzymolysis time on the hydrogen production by photofermentation of
energy grasses was also studied [128]. The results showed that the hydrogen production
rate was depending on the kind of grass, however the highest hydrogen yield was obtained
from Medicago sativa L. with an enzymolysis time of 60 h (147.64 cm3·gTS

−1), the highest
hydrogen production rate was obtained from Arundo donax with an enzymolysis time of
36 h (5.53 cm3·h−1·gTS

−1) obtained, while the highest hydrogen production efficiency was
obtained from Miscanthus with an enzymolysis time of 0 h (1.15 cm3·h−1·gTS

−1).
Hydrogen production is strongly dependent on the pH and inoculation volume

ratio [129]; it is well known that a decrease in pH, due to metabolic acid production, is a
limiting factor in hydrogen production during the photofermentation from glucose [130].

A buffer solution Na2HPO4/NaH2PO4 has shown to be able to improve the buffer capac-
ity of fermentation broth, thus improving the hydrogen production by photo-fermentation
from corn stalk [131]. The highest energy conversion efficiency 9.84%, hydrogen yield
132.69 cm3·g−1 of corn stalk, and hydrogen content 53.88% were achieved at pH value of 6.
The initial pH value of phosphate buffer has a crucial role on the hydrogen production, in
fact with the increase in pH values, the hydrogen production gradually delays, suggesting
that the alkaline environment has a negative effect on the ability of photosynthetic bacte-
ria [132]. A pH equal to 7 was found to be the optimal value for the hydrogen production
from potato residue [133].

Response surface methodology was used to study the dependence of initial pH,
substrate concentration, and cellulase loading on photo-fermentation hydrogen production
by HAU-M1 from alfalfa, and to find the optimal conditions [134]. The highest hydrogen
production yield of 55.81 cm3·g−1 was observed at initial pH of 6.90, substrate concentration
of 31.23 g·cm−3, and cellulase loading of 0.13 g·g−1.
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Figure 7. Diagram of photofermentation hydrogen production [122].

A study on the effect of different pretreatments, such as hydrothermal, acid, alkali,
acid-heat, and alkali-heat on the structural characteristics, enzymatic saccharification and
photo-fermentation of corn straw, has shown that all the treatments effectively destroyed
the corn straw structure and improved its enzymatic saccharification potential [135]. The
highest cumulative hydrogen yield (137.76 cm3·gTS

−1) was obtained with the 2% NaOH
pretreated corn straw, while the minimum (44.20 cm3·gTS

−1) was obtained with a pretreat-
ment of 4% NaOH-heat.

The addition of iron, molybdenum, and EDTA to the photofermentation of a blend
of pre-treated brewery (30%) and restaurant (70%) effluents, was found beneficial for
the hydrogen production and bacterial growth by Rhodobacter sphaeroides 158 DSM [136].
The additions of Fe at 70 µM, Mo at 14 µM, and co-addition of Fe:Mo at 70 µM:8 µM to
the mixture increased the cumulative biohydrogen production of 69%, 27% and 160 93%
respectively. The addition of EDTA was able to further increase the hydrogen production,
but it is crucial to choose an optimal concentration in order to avoid chelating effects.

To make the process more competitive, the production of interesting chemicals, in addi-
tion to hydrogen, can be considered. For example, hydrogen and poly-β-hydroxybutyrate
can be contemporary obtained by single-stage photo-fermentation of winery wastewater,
by using a purple non-sulfur bacteria mixed consortium [137]. With an initial chemical
oxygen demand of 1500 mg·dm−3, up to 468 cm3·dm−3 of hydrogen and 203 cm3·dm−3 of
poly-β-hydroxybutyrate can be produced.

4.3. CO Gas-Fermentation

In CO gas-fermentation hydrogen is produced by reacting carbon monoxide and water
in presence of photosynthetic bacteria under anaerobic conditions, through the overall
reaction (7) [105]:

CO + H2O = CO2 + H2 ∆G◦ = −201 kJ·mol−1 (7)

Although this technique is promising for hydrogen production, hydrogen consump-
tion by homoacetogenesis still remains the main challenge. In a recent study, the effect
of pH and CO loading, on the CO and carbohydrate-rich wastewater co-fermentation
was investigated, focusing on the homoacetogenesis behavior [138]. The results showed
that the highest hydrogen production was obtained with at pH = 5 with a CO loading of
2000 cm3·d−1; the hydrogen consumption increased with the pH from 5 to 8, moreover the
injection of CO further increased the hydrogen consumption at neutrophil pH = 7–8. In an
interesting study, the possibility to produce both thermophilic enzymes and hydrogen at
the same time has been demonstrated, by using hyperthermophilic strain Thermococcus
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onnurineus NA1 156T for CO fermentation, providing the basis for cell factories to upcycle
industrial waste gas [139].

4.4. Bio-Photolysis

Bio-photolysis can be defined as a “photonic-driven hydrogen production” process,
in which water splitting is obtained by using cyanobacteria and blue-green algae [119]. It
is categorized in direct bio-photolysis and indirect bio-photolysis (Figure 8). The direct
route consists of a photosynthetic reaction and uses microalgae in presence of solar energy
(8) [140]:

2H2O + Light energy → O2 + 2H2 (8)

The indirect bio-photolysis is a two-step process, the first step is the photosynthesis
(9) while the second step hydrogen and CO2 are generated (10) [140]:

12H2O + 6CO2 + Solar energy → 6O2 + C6H12O6 (9)

C6H12O6 + 12H2O + Solar energy → 6CO2 + 12H2 (10)

Hydrogen is produced by hydrogenase and nitrogenase enzymes.

−

→

→

→

− −

Figure 8. Direct and indirect biophotolysis processes of photosynthetic microorganisms Abbreviation:
Cyd, cytochrome bd quinol oxidase; PQH2/PQ, plastoquinol/plastoquinone; ATPase, ATP synthase;
Cyt b6f, cytochrome b6f complex; Fd, ferredoxin; FNR, ferredoxin NAD(P) reductase; H2ase, hydro-
genase; NDH, NAD(P)H dehydrogenase; PC, plastocyanin; PQ, plastoquinones; P680, Photosystem
II; P700, Photosystem I; N2ase, nitrogenase; H2, hydrogen [141].

The hydrogen yield was evaluated in a comparative study with four cyanobacteria
strains (Synechocystis sp. PCC 6803, Desertifilum sp. IPPAS B-1220, Synechococcus sp. I12,
and Phormidium corium B-26) [141]. The maximum hydrogen accumulation was obtained
with the wild-type, filamentous, non-heterocystous cyanobacterium Desertifilum sp. IPPAS
B-1220. The yield was 0.229 mmol·mgchlorophyll

−1·h−1 in the gas phase within 166 h in the
light, which, based on the data reported by the authors in the article, is among the highest
one reported in the literature, for these cyanobacteria.

4.5. Integrated Systems

The critical aspect of biological processes is certainly the low yield to hydrogen, es-
pecially due to the presence of byproducts. One strategy for increasing efficiency lies
in combining multiple processes. For example, a process has been reported in which
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duckweed are used as feedstock for hydrogen production, through dark fermentation,
simultaneously using the fermentative waste to produce microalgal lipids [142]. The si-
multaneous production of hydrogen and the use of waste reduce the costs of microalgae
cultivation and wastewater treatment. More attention has received the sequential two-stage
dark and photo-fermentation process. The volatile fatty acids produced during the dark-
fermentation are used for the hydrogen production in photo-fermentation. Combining the
two processes is possible to greatly improve the hydrogen production; as obvious from
the previous overall reactions (3) and (6), in the acetate-type fermentation four moles of
hydrogen and two moles of acetic acid are obtained from one mole of glucose, subsequently
the two moles of acetic acid give eight moles of hydrogen [143]. Some articles, focusing on
this double-stage process, have been published in the last year [144]. The dark-fermentation
effluents, with low-butyrate and high lactate concentration, were used to maximize the
hydrogen yield in photo-fermentation process, using fruit and vegetable waste and cheese
whey powder [145]. The strategy was optimizing the C/N ratio to take advantage from
higher hydrogen yield obtainable with lactate in photo-fermentation. L-cysteine and
Fe3O4 nanoparticles can improve the hydrogen production and the electronic distribution
from dark-fermentation effluents in photo-fermentation, by acting as reducing agent and
by enhancing the bacteria aggregation [146]. Improved hydrogen production was also
obtained by adding Fe(II) sulfate concentration during photo-fermentation stage [147].
The addition of enzymatic hydrolysate is able to increase the H2 yield from 312.54 to
1287.06 cm3·H2·gTOC

−1 (TOC = total organic carbon), and maximum hydrogen production
rate from 2.14 to 10.23 cm3·h−1, in the photo fermentation from dark fermentation efflu-
ents [148]. The efficiency of organic waste conversion to hydrogen was enhanced through
the addition of Ca- and Mg-saturated resin and phosphate-laden biochar in a single-stage
hybrid dark-photo hydrogen fermentation from food waste [149]. The saturated resins
provided the nutrients for the bacteria, by gradual releasing calcium and magnesium, while
biochar promoted bacterial adhesive growth and acted as a buffer, due to the presence of
phosphate, amino, and carbonate compounds.

To investigate a sequential dark and photofermentation process for the treatment of
wastewater and the simultaneous hydrogen production, a circular baffled reactor (Figure 9),
operating at ambient temperature was introduced [150]. The highest hydrogen yield
(0.4 dm3·gCOD

−1), a chemical oxygen demand (COD) removal of 82%, and an organic-N
removal of 95% were obtained at the hydraulic retention time of 24 h and at the initial
pH of 6.5. The techno-economic evaluation highlighted the feasibility when dealing with
gelatin-rich wastewater.

Simultaneous hydrogen and poly-β-hydroxybutyrate-PHB productions, under dark,
photo, and subsequent dark and photofermentation, by using wastes, has been reported [151].
In the sequential dark and photofermentation the highest hydrogen and PHB were obtained by
using rice straw hydrolysate (1.82 ± 0.01 molH2·molglucose

−1 and 19.15 ± 0.25 g·dmPHB
−3) at

a pH of 7.0, with Bacillus cereus (KR809374) and Rhodopseudomonas rutile.
In a comparative study, batch, semi-continuous and continuous mode for hydrogen

production from dark fermentation effluents were investigated. The results highlighted the
best performance of the semi-continuous mode [152].
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Figure 9. Schematic diagram for the lab-scale dark-photo circular baffled reactor used for anaerobic
treatment of gelatinaceous wastewater [150].

4.6. Comparative Studies

Comparative studies among photofermentation, dark fermentation and dark-photo
co-fermentation methods, by using photosynthetic HAU-M1 bacteria and dark fermen-
tative Enterobacter aerogenes bacteria, have demonstrated that photofermentation is the
most promising method for hydrogen production from corn stover, due to its maximum
cumulative hydrogen yield of 141.42 cm3·gTS

−1, maximum hydrogen production rate of
6.21 cm3·gTS

−1·h−1, maximum hydrogen content of 58.90% and highest energy conversion
efficiency of 10.12% [153]. Pretreatment by alkaline-enzymolysis has successfully been used
also with cornstalk hydrolysate (CS), to improve the hydrogen yield [154]. The maximum
hydrogen yields of 168.9 cm3·gCS

−1, 357.6 cm3·gCS
−1, and 424.3 cm3·gCS

−1 were obtained
in dark fermentation, photofermentation, and two-stage fermentation, respectively, with
Ca(OH)2 0.5%, hydrolysis temperature 115 ◦C, hydrolysis time 1.5 h, cellulase dosage
4000 U·gCS

−1 and xylanase 4000 U·gCS
−1.

4.7. Remarks on Biological and Photonic Methods

Among the biological methods, the most cost-effective process is dark fermenta-
tion [143], due to low production and capital cost and good hydrogen yield. However, if
compared with other production methods, the hydrogen yield and production rate are
still uncompetitive and the production processes are still at a primordial stage, moreover
another critical issue is the availability and pre-treatment of inocula [155]. The design of
integrated systems can reduce costs and increase the hydrogen production; the sequential
two-stage dark and photo-fermentation process, using wastes as feedstock, seems to signif-
icantly improve the hydrogen production, however at the moment this type of technology
seems more suitable for small plants, for the local production of hydrogen.

5. Electrical Methods

In the framework of the electrical methods, we basically refer to the water electrolysis,
in which hydrogen and oxygen are produced from a molecule of water (11):

Overall reaction: 2 H2O → 2 H2 + O2 (11)

Unfortunately, the water dissociation requires a significant amount of energy
(∆H0 = 285.8 kJ·mol−1 and ∆G0 = 237.2 kJ·mol−1 under standard conditions); therefore,
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the cell voltage required for water dissociation is 1.23 V under standard conditions [156].
The main limitation of the process is the slow kinetics, to reach a significant hydrogen
production rate, cell voltages of 1.8–2.0 V are required, thus increasing the costs, and
decreasing the efficiency of the process [156]. There are several water electrolyzes technolo-
gies, however the major types of cells commercially available are: alkaline electrolysis cell
(AEC), anion exchange membrane electrolysis cell (AEMEC) proton exchange membrane
electrolysis cell (PEMEC), and solid oxide electrolysis cells (SOEC) [157].

5.1. Alkaline Electrolysis Cell

In alkaline electrolysis cell, the electrodes are immersed in the liquid electrolyte,
typically a 25–30 wt% solution of KOH or NaOH separated by a diaphragm. Anodic (12)
and cathodic reactions (13) are the following:

Anodic reaction: 4 OH− → O2 + 2H2O + 4 e− (12)

Cathodic reaction: 2 H2O + 2 e− → H2 + 2 OH− (13)

The choice of the electrocatalysts is a critical issue, those based on noble metals are
highly efficient, on the other hand, the most convenient material used for the electrodes are
Ni-based [158,159], however to improve the performance and reduce the degradation, a
series of metals can be used as additives, including cobalt, vanadium iron and selenide [160].
The use of noble metal-based electrodes could provide better performance however, cheaper
alternative would be preferred. Recently MoO2-Ni arrays have been reported to exhibit a
Pt-like activity at 25.0 ◦C [161], its heterogeneous components may avoid agglomeration
under high-temperature catalytic conditions.

High efficiency is obtained when the cells operated at low current densities
(<0.4 A·cm−2). Historically the most common diaphragm is of porous white asbestos
(Mg3Si2O5(OH)4). Due to the toxicity problems related to the use of asbestos, in the last
decade considerable efforts have been put into developing hydroxide conducting polymers
suitable for alkaline water electrolysis [159].

The chance of using higher current density collides with the gas bubble generation,
trapped in porous electrodes, resulting in the reduced accessibility to the active sites.
Recently 3D printed electrodes, with a controlled periodic structure, have been reported,
which are able to suppress the gas bubble coalescence, jamming and trapping [162]. The 3D-
electrodes decorated with carbon-doped NiO can reach a current density of 1000 mA·cm−2

in a 1.0 M KOH electrolyte at hydrogen evolution reaction and oxygen evolution reaction
overpotentials of 245 and 425 mV, respectively. In a comparative study, the tradeoff between
surface area and pore structure, in nickel electrodes—foam, microfiber felt, and nanowire
felt—has been studied [163]. The results showed that the microfiber felt is able to maintain
a current density of 25 000 mA·cm−2 over 100 h without degradation, balancing high
surface area with the ability to remove bubbles.

5.2. Anion Exchange Membrane Electrolysis Cell

Unlike the AEC, in the case of anion exchange electrolysis cell, the hydroxyl anions
cross a membrane. Typically, metal transition oxides electrocatalysts are used at the anode,
and rare-earth metal oxides are used at the cathode [156]. Recently nanostructured nickel-
based electrode films have developed, prepared by magnetron sputtering, in an oblique
angle configuration, showing good performance [164]. NiMn2O4 anode catalyst was
developed and tested in combination with a commercial FAA3-50 membrane, a durability
test was carried out for 1000 h by varying the cell potential between 1 and 1.8 V for the
FAA3-50 and NiMn2O4 based-MEA, showing high stability [165].

Much effort has been focused on the development of highly efficient membranes.
Twisted ether-free polyarylene piperidinium, synthesized via acid-catalyzed polyconden-
sation reaction, characterized by efficient ion-conducting channels, which provide an
hydroxide conductivity of 37 mS·cm−1 at 30 ◦C, has been proposed [166]. The cell based
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on this membrane has a high current density of 1064 mA·cm−2 at 2.5 V under 1 M KOH
and 50 ◦C and a high frequency resistance of 0.165 Ω·cm−2 at 1.8 V. The durability test,
performed at current density of 200 mA·cm−2 showed a voltage of 2.1 V for more than
500 h.

The effects of ion-exchange capacity and thickness of all-hydrocarbon anion exchange
membranes was investigated [167]. The best performance was obtained by using a mem-
brane with a ion-exchange capacity of 2.1–2.5 meqOH

−g−1 and a thickness of 50 µm, and
the FAA-3 ionomer in a 1 M KOH liquid electrolyte at 60 ◦C. Under these conditions, a
potential of 1.82 V was obtained at a current density of 2 A·cm−2 and a cell resistance of
95 mΩ·cm2.

In a comparative study, the performance of Sustanion®, Aemion™ and A-201 mem-
branes were investigated [168]. Good performance at temperatures up to 60 ◦C, at KOH
concentrations of 0.5–1 M were obtained in all the cases, the use of distilled water led
to an increase in the membrane resistance, while the best performance was obtained
with the Sustanion®-based membrane electrode assembly (MEA, Figure 10) at all KOH
concentrations and temperatures studied.
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Figure 10. Scheme of the zero-gap cell (left) and the electrolysis cell testing bench [168].

5.3. Proton Exchange Membrane Electrolysis Cell

In the proton exchange electrolysis cell, the anodic and the cathodic compartments
are separated by a polymer membrane. In the anodic compartment, water is oxidized
according to the reaction (14); the hydrated protons migrate across the membrane to reach
the cathode where they are reduced (15):

Anodic reaction: 2 H2O → O2 + 4 H+ + 4 e− (14)

Cathodic reaction: 2 H+ + 2 e− → H2 (15)

In this case Ir-based oxide are usually used as catalytic anode, while unsupported or
of carbon-supported Pt particles are used at the cathode [156]. Unfortunately, iridium is
extremely expensive and rare, around 0.5 kg of iridium is required per megawatt installed
electrolyzer power [169]. Therefore, it is crucial to obtain a significant reduction of the
catalyst loading. IrOx nanofibers have been combined with a conventional nanoparticle
based IrOx anodic catalyst layer, resulting in an iridium loading reduction of over 80%
while maintaining the same performance. This result has been attributed to a combination
among the good electrical contact and high porosity of IrOx nanofibers with the high
surface area of IrOx nanoparticles [169].

The most used polymer membranes for proton-exchange membrane water electrol-
ysis are perfluorosulfonated acids, which are characterized by high proton conductivity,
mechanical and chemical robustness. On the other hand, they are high-cost materials and
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are characterized by significant gas permeability, low mechanical stability for temperature
higher to 80 ◦C and present environmental issues due to the presence of fluorine. As alter-
native, sulfonated poly(phenylene sulfone) (sPPS) combines high proton conductivity with
low gas crossover can be used. It has been reported that the performance of the sPPS-MEAs
is substantially better than that of Nafion N115-MEAs (3.5 A·cm−2 vs 1.5 A·cm−2 at 1.8 V)
with the same catalyst loading and comparable membrane thickness [170].

The effect of degradation on the performance of a PEM electrolysis cell has been inves-
tigated, at low catalyst loading, moreover, the degradation mechanism was investigated
by means of ac-impedance spectra and post-operation analyses [171]. The results showed
that the mass transfer issues are relevant under steady-state mode, while the catalyst
degradation occurs under cycled operations. The membrane thinning depends on the
uptime hours at high current density, while the overall cell voltage increase is higher for
cycled operations than for steady-state mode, due to a higher decrease of series resistance
in steady-state mode.

Porous transport layers (PTL) play a kay role in PEM water electrolysis cells, as
it is involved in gas and liquid transport, in thermal and electrical conduction and in
the contact between adjacent components [172], particularly those of the PTL surface
in contact with the catalyst layer [173]. The actually used PTL are single layer sintered
porous Ti-based materials, recently it has been reported that better performance can be
achieved with multiple layers [174]. The catalyst loading affects the influence of PTL on
the electrolysis performance, for low catalyst loading; moreover, at high current density,
the apparent bubble coverage increased with PTL grain size at high catalyst loading [173].
The electrolysis performance are also related to the anode PTL properties, which can signif-
icantly impact ohmic, activation and diffusion losses [172]. By modifying the wettability of
the PTL by adding hydrophobic additives, diffusion loss, ohmic loss and activation loss
significantly increase.

5.4. Bipolar Membrane Electrolysis

One of the major limitations in the production of hydrogen by conventional water
electrolysis, derives from the two semi-reactions of evolution of hydrogen and oxygen
which, being simultaneous, are interdependent. Generally, the first reaction is fast in
acidic conditions where there is an abundance of protons, while the second is slow, unless
extremely expensive and rare catalysts such as iridium and ruthenium are used. A possible
alternative is the amphoteric water electrolysis that, with a bipolar membrane, can provide
optimal pH conditions simultaneously for both cathode and anode, under steady-state
operations, without changing the overall thermodynamics of water splitting [175]. It has
been shown that the decoupled amphoteric water electrolysis assisted with the redox
mediator MnO2/Mn2+, by separating the production of hydrogen and oxygen into two
independent processes, allows to produce hydrogen with a high-power input (up to
1 A·cm−2), and low power absorbed oxygen production. Similar results were obtained
with liquid water; in particular it has been reported that a bipolar membrane with and
without a water splitting catalyst resulted in cell current densities of 450 and 5 mA·cm−2

at cell voltages of 2.2 V. Upon moving the bipolar interface directly between the acidic
membrane and the high-pH anode, a current density of 9000 mA·cm−2 at cell voltages of
2.2 V was achieved [176].

5.5. Solid Oxide Electrolysis Cells

In solid oxide electrolysis cells (SOEC), a solid oxide or ceramic is used as electrolyte;
at the cathode side hydrogen is produced from water (17), while the oxygen ions generated,
across the electrolyte, reach the anode (16) where they are oxidized to produce oxygen:

Anodic reaction: 2O2− → O2 + 4 e− (16)

Cathodic reaction: H2O + 2 e− → H2 + O2− (17)
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The solid oxide electrolysis cells typically operate in the temperature range 500–
900 ◦C [177], which provides a crucial benefit over proton exchange membrane (PEM) and
alkaline exchange membrane (AEM) electrolyzers, which operate at a maximum of 100 ◦C.
Unfortunately, the degradation of SOEC is the major limitation to the commercial viability,
the aggressive humid condition in the air electrode side, is still a concern to the stability
of electrolysis cells [178]. Typically, Ni/yttria-stabilized zirconia (Ni/YSZ) electrodes are
used [179], however agglomeration of Ni nanoparticles, low water vapor transmission
efficiency and poor durability are serious issues [180].

A series of studies have been focused on the optimization of the electrodes. An A-
site cation-deficient La0.4Sr0.55Co0.2Fe0.6Nb0.2O3-d perovskite has been recently reported,
exhibiting a high electrolysis current density of 0.956 A·cm−2 with an applied voltage
of 1.3 V at 850 ◦C and good stability in a high humidity and hydrogen partial pressure
environment [180]. The high operating stability of the electrode has been attributed to
the strong interaction between the alloy nanoparticles and the perovskite substrate, that
suppresses the sintering of the nanoparticles, moreover the SrO phase is able to protect the
alloy nanoparticles from oxidation.

A similar effect has been reported with barium doping, Ba0.2Sr1.8Fe1.5Mo0.5O6-δ dou-
ble perovskite as fuel electrode, which showed good performance with the appropriate
steam amount of 20% [181].

The B-site of Ba0-5Sr0-5Co0-8Fe0-2O3-δ of perovskite anode has been partially sub-
stituted with a higher valence Ta5+ (5, 10, 15 and 20 mol%) to improve the structural
stability [182]. The current density of 10 mol% doped catalyst was 8.3 times higher than un-
doped one at 1.8 V, providing the higher of H2 production rate, moreover, the degradation
rate was 0.0027 V·h−1, (−0.45 A·cm−2, 800 ◦C, steam/H2 = 70:30). It has been assumed
that the Ta5+ doping provides a balance between ionic and electronic conductivity in the
anode and a better electrochemical performance.

BaCe0.5Zr0.2Y0.1Yb0.1Gd0.1O3−δ (BCZYYbGd) electrolyte, characterized by high chem-
ical stability and proton conductivity has been coupled with a PrNi0.5Co0.5O3−δ steam
electrode and a Ni-BCYYbGd hydrogen electrode for intermediate temperature operation
(Figure 11) [183]. The BCYYbGd electrolyte showed high stability over 200 h at 50 vol %
steam in argon and at 600 ◦C, moreover, high current density of 2.405 A·cm−2 at a cell
voltage of 1.6 V was obtained at 600 ◦C at 20 vol % of steam in argon.

An effective way to improve the performance of the oxygen electrode is the infiltration,
in which the electrocatalysts are introduced into a porous backbone at relatively low
temperatures. La0.6Sr0.4CoO3-δ (LSC) infiltrated gadolinia-doped ceria (CGO) oxygen
electrode has been reported; in electrolysis mode, the current density reached 1.07 A·cm−2

at cell voltage of 1.3 V at 750 ◦C with a steam 60 vol% [184].
Symmetrical solid oxide cells configuration has also been evaluated, in which

Sr2Fe1.5Mo0.5O6-δ electrodes are deposited on both sides of YbScSZ tapes previously coated
with a Ce1-xGdxO1.9 [185]. This configuration has shown some advantages such as a reduc-
tion of sintering steps or a better thermomechanical compatibility between the electrodes
and the electrolyte.

The electrochemical performance of cathode-supported cells having gadolinium
doped ceria/yttria-stabilized zirconia (GDC/YSZ), yttria-stabilized zirconia (YSZ) and
Sc3+, Ce4+, and Gd3+-doped zirconia (SCGZ) electrolyte was compared, highlighting the
highest electrochemical performance of the cathode-supported cell having SCGZ electrolyte
(Ni-SCGZ/SCGZ/BSCF) [186].
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Figure 11. Representation of the solid oxide electrolysis cell [183].

A heterogeneous design for proton-conducting solid oxide electrolysis cells has also
been proposed, in which a better stability and higher efficiency of electrolysis cells has
been obtained [178]. Yttrium and zirconium co-doped barium cerate-nickel was used as
fuel electrode material and yttrium-doped barium zirconate as the electrolyte material.
The results showed that the proposed novel design can efficiently improve the proton
conductivity of the yttrium-doped barium zirconate electrolyte (from 0.88 × 10−3 S·cm−1

to 2.13 × 10−3 S·cm−1 at 600 ◦C) and improve the ionic transport number of the electrolyte
(from 0.941 to 0.964 at 600 ◦C).

5.6. Reamarks on Electrical Methods

The hydrogen production from electrolyzers is a mature technology, and among the
electrochemical technology, alkaline water electrolysis is already available for large-scale
applications, due to the use of non-expensive materials for the electrodes [187]. The use
of renewable energy is a necessary boundary condition, however there is a problem with
a partial loading when renewable energy supply is intermittent and unstable. An energy
storage device can partially solve the incompatibility between water electrolyzers and
renewable energy sources. The process can be efficient if the electrolyser is powered,
for example, by solar photovoltaic through a full cell of lithium-ion battery as an energy
reservoir [188]. On the other hand, solid oxide electrolysis cells are extremely attractive,
due to the possibility to work at high temperatures where higher efficiency can be reached.
Although the critical issues related to the stability of these cells have not yet been solved, it
has been demonstrated that a plant in which the SOEC is integrated with a parabolic dish
solar field, to provide both electricity and thermal energy, necessary for the electrolysis
reaction to take place, a nominal solar-to-hydrogen efficiency above 30%, with a SOEC
efficiency around 80%, can be reached [189]. In another study it has been calculated that
is possible to produce hydrogen in electrolyzers integrated with nuclear plants with an
energy cost of 38.83 and 37.55 kWh·kgH2

−1 for protonic and ionic solid oxide electrolyzers,
respectively [190].

6. Economic Assessment

Establishing the costs of hydrogen per type of production process is outside the
scope of this article, however it is possible to make an approximate assessment based on
what is reported in the literature. Evaluating the costs of production processes based on
immature techniques is extremely difficult and risky, as the costs are related to diffusion.
In any case, however, various costs, capital and operating costs, design, labor, electricity,
as well as the costs of raw materials, waste disposal etc. must be considered. In the case
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of biological and photonic methods, dark fermentation is most promising technology,
with estimated hydrogen production costs in the range of 1.02–2.70 USD m−3 and a high
return on investment (calculated as the ratio between annual profit and fixed capital
investment) [155]. The hydrogen production cost via natural gas steam reforming is equal
to 0.67 USD m−3, however with a lower return on investment. The hydrogen production
cost in the case of electrolysis is strongly dependent on the electricity cost, for example in
Germany is around 3.64 €q Kg−1, for alkaline water electrolysers. At the moment, therefore,
the lowest costs are found in the case of natural gas reforming, however these assessments
lack environmental costs, which could substantially modify the results reported so far.

7. Conclusions and Future Prospective

Hydrogen is the most promising energy carrier; however, it is scarcely present in
Nature in molecular form, therefore it must be obtained from primary sources. In this
review article, the main characteristics of a number of hydrogen production methods have
been listed, focusing primarily on renewable feedstock. The production methods have been
grouped into three main sections, based on the type of energy used to sustain the process.
For each section, the main limitations to the diffusion of the analysed production processes
have been highlighted. As mentioned, the most widespread hydrogen production methods
are, still today, natural gas reforming processes, which use feedstock abundantly available
at low cost, and use proven processes. However, the need to achieve carbon neutrality
requires the use of renewable feedstock and energy to support production processes.

Water is the main source of hydrogen, via water splitting processes, however the
enormous amount of energy required to support these constitutes a serious limitation, and
therefore the use of energy from renewable sources is a necessary boundary condition.
Among the various techniques, alkaline electrolysis of water is now available for large-
scale applications. On the other hand, biomasses are extremely attractive; as a variety of
materials such as algae, food waste, municipal solid waste, lignocellulosic biomass etc.
can be used. Several processes can be used to obtain hydrogen from biomass, such as
gasification and fermentation, furthermore bio-oils, obtained by pyrolysis of biomass and
the same of biomethane, can be used in reforming processes. The main limitations to their
use seem to be the variability of the composition and therefore the unavailability of large
quantities at low cost.

The origin of the energy needed to sustain the processes itself plays a crucial role. In
this context, electrification can make sustainable the processes that use thermal methods.
However, the main problem related to the use of renewable energy is the instability in the
supply which, in many cases, is intermittent.

Based on these considerations, a future is outlined increasingly based on the local
production and distribution of energy and therefore of hydrogen, in which the decentral-
ization of hydrogen production will play a key role. The energy to support the processes
must be generated on site, exploiting the potential of the territory, such as wind power,
solar power, etc. Likewise, the feedstock for hydrogen production will have to be available
where hydrogen will be produced. A massive use of biomass will make it necessary to im-
plement processes that are tolerant to the variability of the biomass itself, so as to minimize
production costs.
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Abstract: This work focuses on the development of a Pt/Re/CeO2-based structured catalyst for a
single stage water–gas shift process. In the first part of the work, the activity in water–gas shift
reactions was evaluated for three Pt/Re/CeO2-based powder catalysts, with Pt/Re ratio equal to 1/1,
1/2 ad 2/1 and total loading ≈ 1 wt%. The catalysts were prepared by sequential dry impregnation of
commercial ceria, with the salts precursors of rhenium and platinum; the activity tests were carried
out by feeding a reacting mixture with a variable CO/H2O ratio, equal to 7/14, 7/20 and 7/24, and the
kinetic parameters were determined. The model which better described the experimental results
involves the water–gas shift (WGS) reaction and CO as well as CO2 methanation. The preliminary
tests showed that the catalyst with the Pt/Re ratio equal to 2/1 had the best performance, and this was
selected for further investigations. In the second part of the work, a structured catalyst, obtained by
coating a commercial aluminum alloy foam with the chosen catalytic formulation, was prepared and
tested in different reaction conditions. The results demonstrated that a single stage water–gas shift
process is achievable, obtaining a hydrogen production rate of 18.7 mmol/min at 685 K, at τ = 53 ms,
by feeding a simulated reformate gas mixture (37.61 vol% H2, 9.31 vol% CO2, 9.31 vol% CO, 42.19 vol%
H2O, 1.37 vol% CH4).

Keywords: hydrogen; water–gas shift; process intensification; structured catalysts; kinetics;
aluminum alloy foam; ceria; platinum; rhenium

1. Introduction

The water–gas shift (WGS) reaction [1] is an exothermic reaction, whose process is generally
performed through two adiabatic stages, at high (HTS) [2] and low temperatures (LTS) [3]. WGS can be
considered as the first syngas purification step to obtain high purity hydrogen, and in fact, it allows for
the reduction of the CO percentage and increase of the hydrogen yield in the reformate gas stream [4].
The two-stages process configuration allows us to achieve higher conversions at relatively smaller
volumes. The reactors suffer limitations, however, due to the heat of the reaction developed during the
process, which induces a temperature gradient on the catalytic bed. The low temperature at the inlet of
the bed disfavors the kinetics, while the high temperature at the outlet of the bed thermodynamically
limits the conversion. In previous work, the intensification of the WGS reaction through the use of
highly thermal conductive structured catalysts has been proposed [5], laying the foundations for the
realization of a single stage process [6]. In fact, the use of such a structure [7] assures a redistribution
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of the heat of the reaction along the catalytic bed, with benefits in terms of CO conversion [8],
while minimizing hot-spot occurrence [9]. Moreover, comparative studies have showed that the shape
of the selected structure plays a crucial role in determining the performance of a catalyst. In this
context, the use of foam structures guarantees an enhanced axial and radial heat dispersion and mass
transfer [10]. Concerning the catalytic formulation, the conventionally used catalysts, both in HTS and
LTS processes, are not suitable for the single stage process design, since the latter are readily deactivated
at high temperatures and are pyrophoric [11], while the former are not active at low temperatures and
present waste toxicity problems [12]. A valuable alternative consists in noble metal-based catalysts [13],
supported on reducible oxides such as titania or ceria [14], which are highly active in a wide range of
temperatures [15,16]. Among the investigated noble metals, platinum has showed the best compromise
between catalytic activity, ease of preparation and stability [17]; moreover, it was reported that rhenium
doping enhances the activity of platinum-based catalysts for WGS reactions [18]. Some specific studies
have been published on the role of rhenium in these catalytic systems [19], however, the mechanisms
have not yet been fully clarified [20]; CO chemisorption measurements have highlighted the better
platinum dispersion [21] upon rhenium addition, thus achieving the enhancement in the WGS rate and
catalyst stability [22]. Transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy
(XPS) studies showed the formation of bimetallic surface clusters between rhenium and platinum;
in addition, the stabilization of formate species and the acceleration of the H2 formation rate were
attributed to the presence of rhenium [23]. Azzam et al. studied the Pt–Re/TiO2 catalytic system and
speculated that rhenium remains as oxide, providing an additional redox WGS reaction pathway,
in which ReOx is reduced by carbon monoxide generating carbon dioxide and oxidized by H2O
to give hydrogen [24]. Del Villar et al. studied a more complex catalytic system (RePt/CeO2–TiO2

catalyst) for the WGS reaction under conditions compatible with a membrane reactor [25]. The authors
ascribed the enhanced WGS activity and stability to the improvement in the reduction behavior of
highly dispersed CeO2 and ReOx species, as well as to the close contact between Pt and Re species,
which could introduce further redox activity sites and prevent the Pt sintering.

In a process intensification view, the deposition of highly active catalytic formulations on proper
structured catalysts was shown to be an effective option for minimizing the typical mass and heat
transfer issues of packed bed reactors. In this regard, in our previous papers, we demonstrated
that the employment of aluminum open cells foams as structured carrier paddles in the direction
of HTWGS-LTWGS integration in a single unit. In fact, due to the high thermal conductivity of the
selected material, the heat was redistributed along the catalyst from the outlet to the inlet section with
a flatter thermal profile and a global increase of CO conversion [5,7,10].

In the first part of this work, a preliminary study on the use of PtRe/CeO2-based powder catalysts
was reported; the activity of three catalysts with a different Pt/Re ratio (Pt/Re ratio equal to 1/1, 1/2
or 2/1) and total loading of 1 wt% was compared in WGS reaction and a kinetic investigation was
performed for the three samples. The kinetic parameters were determined based on the results of
three dedicated reaction tests carried out at different H2O/CO ratio (H2O/CO ratio equal to 24/7, 20/7
or 14/7). In the second part of the work a structured catalyst was prepared by coating an open cell
aluminum alloy foam with cerium oxide and loading the resulting structure with the active species
in the ratio which gave the best performance in the preliminary study (Pt/Re = 2/1). The structured
catalyst performance was evaluated by feeding the reacting mixture, previously used for the powder
catalysts, with a H2O/CO ratio equal to 24/7 in order to evaluate the effect of the scale up from powder
to structured catalyst, in terms of activity. Moreover, the as-obtained structured catalyst was also
tested under a simulated reformate gas stream as feed, aiming to evaluate the possibility to realize
a single stage water–gas shift reactor, which is highly desirable for the realization of a compact fuel
processing system.
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2. Results and Discussion

2.1. Powder Catalysts

2.1.1. Characterization Results

Powder catalysts were characterized by means of a series of analytical techniques: energy
dispersive X-ray fluorescence (ED-XRF) was used to check the effective metals loading and the effective
Pt/Re ratio; X-ray diffraction (XRD) was used to evaluate the crystallite size; Raman spectroscopy
(Raman) was used to provide the structural features; transmission electron microscopy (TEM) was
used to evaluate the particle size and shape; the temperature programmed reduction with hydrogen
(H2-TPR) to evaluate the reducibility of the catalysts.

The ED-XRF results stated an effective metal loading of 0.88 wt%–0.90 wt% for the three powder
catalysts and confirmed the expected Pt/Re ratio (Table 1). The specific surface area measurements
calculated with the Brunauer–Emmett–Teller (B.E.T.) method showed a small decrease in the surface
area compared to that of the alone ceria (Table 1).

Table 1. Powder catalysts characterization.

Chemical Composition (wt%) SSAB.E.T. (m2/g) H2 Uptake (mmol/g) Crystallite Size (nm)

CeO2 Pt Re Exp. Theor.

CeO2 - - - 175 - - 6.10
W1 (2Pt/1Re/CeO2) 99.12 0.59 0.29 171 0.63 0.13 6.09
W2 (1Pt/1Re/CeO2) 99.10 0.45 0.45 169 0.84 0.15 6.05
W3 (1Pt/2Re/CeO2) 99.11 0.30 0.59 168 0.84 0.16 6.15

All the XRD diffractograms of the powder catalysts displayed the cubic fluorite-type for CeO2

crystal phase [26], and no diffraction peaks corresponding to Pt, Re or the corresponding oxides phase
could be identified, due to the low loading and high dispersion of the noble metal phases (Figure 1).
Moreover, the calculation of the crystallite sizes by means of the Scherrer equation demonstrates that
active species deposition had no effect on the dimension of ceria crystallites (Table 1). For ceria and its
solid solutions, Raman spectroscopy contributes to the improved understanding of local structural
changes in the nearest and next nearest neighbor shells of Pt and Re dopant cations and oxygen
vacancies. Raman is an excellent tool to investigate the defect chemistry of doped and un-doped ceria,
due to its sensitivity to non-periodic features. The Raman spectrum of ceria support (Figure 2) showed
the typical strong peak at 464 cm−1 attributed to the first order F2g mode [27] (Ce4+-O-Ce4+ wagging)
and the barely visible broad peaks at 258, 595 and 1,179 cm−1, respectively attributed to second-order
transverse acoustic (2TA), defect-induced (D) (recently demonstrated to be Ce3+-O-Ce4+ stretching [28])
and second-order longitudinal optical modes (2LO) [29]. The Raman spectrum of the W1 catalyst
(Pt/Re ratio 2/1) still showed the peak of the first order F2g mode, but instead of D transition, two broad
peaks at 575 cm−1 and 657 cm−1 were visible, attributed to the interaction of Pt with the cerium oxide
surface [30]. Moreover, at 829 cm−1, a small peak attributed to the antisymmetric stretching mode of
Re-O-Re appeared [31].

The Raman spectrum of the W2 catalyst (Pt/Re ratio 1/1) still showed the peak ascribable to the
first order F2g mode; regarding the two broad peaks at 575 cm−1 and 657 cm−1, attributed in W1 to the
interaction of Pt with cerium oxide surface appeared, the latter seemed to disappear. On the contrary,
a further peak was observed at 982 cm−1, which is due to symmetric Re-O stretching [31]. For the
W3 catalyst (Pt/Re ratio 1/2), two peaks attributed to Re-O stretching can be observed in the Raman
spectrum, while the two broad peaks at 575 cm−1 and 657 cm−1, ascribed to the interaction of Pt with
cerium oxide surface for the sample W1, disappeared and a new peak at 595 cm−1 was observed, linked
to defect-induced (D) in ceria. These results suggested that the interaction of platinum with ceria
mainly occurs at the D sites. TEM images showed the morphology of the catalysts, suggesting a single
phase of spherical type (Figure 3), moreover, the particle size agreed with the crystallite size, calculated
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by the Scherrer equation. However, the black area may represent groups of accumulated particles.
The temperature programmed reduction (TPR) profiles of the three catalysts can be divided in two
main areas. The broad peak between 700 K and 750 K was attributed to ceria’s surface reduction [32]
(Figure 4). The peaks between 500 K and 600 K are ascribable to an overlapping of three reduction
peaks of PtOx and ReOx species and the ceria surface, as the result of the spillover effect from metal
particles to the support [33].

− −

−

− −

−

Figure 1. Diffractograms of powder catalysts: W1, W2 and W3.

− −

−

− −

−

Figure 2. Raman spectra of ceria and powder catalysts: W1, W2 and W3.

Specifically, the TPR profile of W1 catalyst showed a perfect overlapping, with the peak centered
at 550 K, while in the case of W2 and W3 TPR profiles, the main peak shifted respectively to 593 K and
608 K, and a shoulder on the left appeared in both the curves, centered between 505 k and 510 K.

These results suggest a correlation between the temperature of the main reduction peak and
the Pt/Re ratio, suggesting a strong interaction between platinum and rhenium. The evaluation of
hydrogen uptake, calculated by integrating the H2-TPR profiles, as expected, confirmed the advent of
the spillover phenomenon; in fact, the hydrogen consumed in each experiment was more than one
order of magnitude higher compared to the expected value (Table 1).
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Figure 3. Transmission electron microscopy (TEM) images of powder catalysts: W1, W2 and W3.
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Figure 4. Temperature programmed reduction with hydrogen (H2-TPR) of powder the catalysts: W1,
W2 and W3.

2.1.2. Activity Tests

Figure 5a–c shows the catalytic activity of the three investigated catalysts towards the WGS
reaction between 500 and 600 K as a function of the steam to carbon monoxide ratio. In Figure 5d the
results obtained at the same H2O/CO ratio (24/7) are compared.

Figure 5. CO conversion as function of temperature for different H2O/CO ratio (24/7, 20/7, 14/7) for
each powder catalyst: W1 (a), W2 (b) and W3 (c), and CO conversion comparison as function of the
temperature at the same H2O/CO ratio (24/7) for the three catalysts (d). τ = 131 ms.

As expected, the increase in the H2O/CO ratio favored the WGS reaction for all the three catalysts.
In particular, for the W1 sample, the variation of the H2O/CO ratio from 20/7 to 24/7 resulted in a more
pronounced improvement of the catalytic activity, with the profiles achieved for H2O/CO=20/7 and
14/7 closer. For the other two catalysts, by changing the feeding conditions, such a strong enhancement
in CO conversion was not observed. Moreover, at a fixed H2O/CO ratio of 24/7, the W1 catalyst
showed higher CO conversion than the W2 and W3 catalysts, which essentially displayed similar
activity. For example, at 565 K, the W1 reached a conversion of almost 80%, while for the other
two samples a value around 50% was recorded. These results demonstrated that the catalyst with
a Pt/Re ratio equal to 2/1 is more active than the catalysts with the Pt/Re ratio equal to 1/1 and 1/2.
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This trend seems to suggest a direct correlation with the reduction temperature of the PtOx/ReOy
system in the H2-TPR experiments and thus with Pt/Re loading and the catalytic activity. The 2Pt/1Re
catalyst, in fact, displayed lower reduction temperatures compared to the other two samples and the
strong correlation between the easy reducibility and the activity for WGS was already reported for
CeO2-based catalysts [34]. The most active formulation was deposited on a foam structured carrier
and further tested.

2.1.3. Kinetic Measurements

The experimental results obtained over the three Pt/Re catalysts and the analysis of product
distribution as a function of reaction temperature, particularly regarding the methane formation,
suggested that the reaction pathway over the three Pt/Re catalysts involved water–gas shift reactions
and both CO as well as CO2 methanation. The pre-exponential factors and the apparent activation
energies estimated for the three above reactions from the Arrhenius plots over the W1, W2 and W3
sample are shown in Table 2. The kinetic model results were validated by comparing them with the
experimental results. In Figure 6, as an example, the comparison related to three catalytic systems in
the condition of H2O/CO = 14/7 is reported. The data showed a good agreement between the kinetic
model and the experimental results; in particular, it is possible to highlight that the kinetic model
was able to predict the behavior of the catalytic systems in the investigated temperature range and,
more importantly, it was able—fixing the active species ratio—to take into account the variation of the
different feeding conditions investigated in this work (H2O/CO ratio in the range 2–3.84). The activation
energy calculated for the W2 and W3 catalysts, with Pt/Re ratio of 1/1 and 1/2 respectively, were very
close, both for WGS reaction and CO and CO2 methanation.

Table 2. Kinetic parameters for the powder catalysts.

W1 W2 W3

k0, WGS (mol/(g·min·atm2)) 1608326 1225116014 1225116014
Ea, WGS (kJ/mol) 78 114 118

k0, CO (mol/(g·min·atm2)) 2989 40000 40000
Ea, CO (kJ/mol) 94 85 85

k0, CO2 (mol/(g·min·atm2)) 0.00712 6.9 6.9
Ea, CO2 (kJ/mol) 16 50 48

On the other hand, the activation energy for the W1 catalyst, with a Pt/Re ratio of 2/1, of WGS
reaction was much lower and the CO methanation was higher, suggesting a preference for the WGS
reaction. Thus, the results shown in Table 2 confirmed the improved activity of the 2Pt-1Re/CeO2

catalyst for the water–gas shift reaction (discussed in Paragraph 2.1.2), with an Ea of about 78 kJ/mol:
the easier reducibility assured an enhancement in catalyst activity compared to the W2 and W3 samples,
which displayed WGS activation energies of 114 and 118 kJ/mol, respectively. The found values agreed
well with kinetic data reported in the literature for similar catalytic formulations [35].

2.2. Structured Catalyst

2.2.1. Characterization Results

The structured catalyst (denoted as S1) was prepared by coating the commercial aluminum alloy
foams, with a relative density of 25%, by means of chemical conversion coating, with cerium oxide.
The chemical conversion coating technique is traditionally used in protecting aluminum alloys from
corrosion [36], and recently it has been successfully used in catalysis [37]. This technique presents
many advantages with respect to the washcoating [38] (the most widely used technique to prepare
structured catalysts), including the high resistance to the mechanical stress of the coating, and the
usability with highly porous structures, for which the washcoating might occlude the pores. The active
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components were loaded by wet impregnation with rhenium and platinum precursors. The ED-XRF
analysis showed that the total loading of the catalytic formulation on the foams was on average 5.1 wt%,
and the Pt/Re ratio was equal to 1.9 (Table 3).

Figure 6. Comparison of the experimental results and the kinetic model results for the three catalytic
systems, in the condition H2O/CO = 14/7.

Table 3. Structured catalyst characterization.

Catalytic Formulation SSAB.E.T. (m2/g) H2 Uptake (mmol/g) Relative Density (%)

Loading (wt%) Pt/Re Ratio Exp. Theor.

Al-foam - - 1 - - 25
S1 5.1 1.9 3.8 1.2 0.13 -

The specific surface area measurements on the structured catalyst showed an increase of the
surface area of the structure due to the ceria coating loading; on the basis of the result, a surface area
between 70 m2/g and 80 m2/g for the ceria coating was hypothesized.

The hydrogen uptake measured during the TPR experiments was one order of magnitude higher
than the theoretical one (Table 3), due to the spillover effect, however, the extension of this phenomenon
was higher than in the case of the powder catalyst with the same Pt/Re ratio (Table 1). The H2-TPR
profile of the structured catalyst was very different from the profile of the powder catalyst with the same
Pt/Re ratio (Figure 7). The case of the powder catalyst’s two main peaks was present, however, the first
peak was centered at a lower temperature, while the second peak showed a higher relative intensity,
attributed to a much higher reducibility of the ceria surface, in agreement with the higher hydrogen
measured uptake. These results suggested a different oxygen storage capacity of the ceria coating [39],
attributable mainly to the preparation technique. In Figure 8, the scanning electron microscopy (SEM)
images at different magnitude of the structured catalyst S1 are showed (a, c), with the intent to highlight
the surface morphology. As is evident, the catalyst surface is extremely irregular, with the presence of
numerous cavities and fractures, which justify the increase in surface area obtained due to the coating,
and which are beneficial for the catalytic activity.
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Figure 7. H2-TPR of the structured catalyst.

Figure 8. SEM (scanning electron microscopy) image of S1 structured catalyst at different magnitude
(a,c), and a SEM image of a structured catalyst obtained by washcoating and loaded with Pt/Re/CeZrO4

catalytic formulation (b).
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Moreover, the nanometric nature of the coating is highlighted if compared with the SEM image of
a structured catalyst obtained by washcoating (Figure 8b), prepared in previous work, with a similar
catalytic formulation (1Pt/1Re/CeZrO4) [8].

2.2.2. Kinetic Measurements

The results of the kinetic study performed on the structured catalysts are summarized in Table 4
in terms of pre-exponential factor and activation energy.

Table 4. Kinetic parameters for the structured catalyst.

k0 (mol/(g·min·atm2)) Ea (kJ/mol)

rWGS 1608326 80
rCO 2500 85
rCO2 1000 75

The kinetic model results were validated by comparing them with the experimental results.
In Figure 9, the comparison related to the structured catalyst in the condition of H2O/CO = 24/7
is reported.

τ

Figure 9. Comparison of the experimental results and the kinetic model results for the structured
catalyst, in the condition H2O/CO = 24/7, at two different contact times, 23 ms (a) and 131 ms (b).

The data shown in Figure 9 evidence a good agreement between the predicted values and the
experimental results, thus demonstrating the feasibility of the kinetic model. The comparison of the
kinetic parameters related to the structured (Table 4) and powder catalyst W1 (Table 2) evidenced
that the two catalytic systems were characterized by very similar values of the pre-exponential factor
and activation energy for WGS, but they had different values regarding the methanation parameters.
This result suggested that the two catalytic systems were different, due to the preparation technique,
as was also confirmed by the TPR results. However, it is worthwhile noting that, as described above
for the powder sample, the activation energy of the WGS is lower than the methanation ones, therefore
evidencing a preference for the WGS reaction.

2.2.3. Activity Tests

The activity tests on the structured catalyst were carried out with the aim of testing the feasibility
of a single stage WGS process, evaluating the performance for intermediate temperatures with a
simulated syngas mixture feeding at a target contact time. In Figure 10a, the CO conversion as a
function of the temperature, at three different contact times (τ = 23, 79 and 131 ms) and for a H2O/CO
ratio = 24/7, is shown. The test carried out at 131 ms showed comparable activity with respect to the
corresponding powder catalyst, the test were performed at 23 ms, although under a space velocity of
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more than five times higher compared to the value selected for the powder sample, showed satisfactory
results, with a CO conversion of almost 60% at 635 K (Figure 10a).

τ

τ

Figure 10. CO conversion as function of temperature (a) and comparison between hydrogen formation
rate experimental vs. calculated values (b) for S1 catalyst with a H2O/CO = 24/7, at a τ = 23 ms.

The experimental hydrogen formation rate was also evaluated, highlighting once again a good
agreement with the values predicted by the model (Figure 10b). The structured catalyst was also
tested under a simulated reformate gas mixture coming from an ethanol pre-reformer followed by a
methane reforming unit [40]. The catalyst activity was investigated in the temperature range 540–690 K
and the results, showed in Figure 11, are presented in terms of CO conversion (a) and product gas
distribution as a function of outlet reaction temperature (b). CO conversion linearly increased up to
610 K, showing a decreasing trend above 630 K; due to the negative effect of high temperatures on
WGS thermodynamics. Only slight variations in methane concentration with reaction temperature
were observed, suggesting that carbon oxide methanation was not the dominant pathway under the
investigated conditions. A hydrogen production rate of 18.7 mmol/min was recorded at 685 K and this
value (properly scaled on the basis of the different feeding flow-rates) was compared with the results
of the simulations performed. The hydrogen productivity recorded over the structured catalyst is only
14% lower than the value reported, and this difference is mainly ascribable to the employment of a
membrane in the WGS reactor in the reference process scheme. These very promising results allow
us to conclude that the S1 structured catalyst is a suitable sample for the realization of a single-stage
WGS process.

τ

τ

Figure 11. CO conversion (a) and product gas distribution as a function of reaction temperature (b) for
S1 catalyst under a simulated reformate gas (37.61 vol% H2, 9.31 vol% CO2, 9.31 vol% CO, 42.19 vol%
H2O, 1.37 vol% CH4), τ = 53 ms.

3. Materials and Methods

3.1. Powder Catalysts Preparation

The powder catalysts were prepared by sequential dry impregnation of Actalys HSA commercial
ceria, with the rhenium and platinum precursors respectively, with a total loading of platinum and
rhenium equal to 1 wt% with respect to the total weight of the catalyst. Three catalysts with a variable
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platinum/rhenium ratio of 2/1, 1/1 and 1/2 were prepared. The porous volume of the ceria was measured
by mixing 5 g of support with the minimum amount of distilled water needed, then the support was
dried at 393 K for 2 h and impregnated with an ammonium perrhenate solution, obtained by dissolving
the desired amount of the rhenium salt in a volume of water corresponding to the porous volume of
the ceria. The obtained mixture was dried at a temperature of 343 K for 16 h and calcined at 773 K for
1 h. The resulting solid was treated as previously described, in order to evaluate its porous volume,
then dried at 393 K for 2 h and impregnated with a solution of tetraamineplatinum (II) nitrate, obtained
by dissolving the desired amount of the platinum salt in a volume of water corresponding to the
porous volume previously measured. The obtained mixture was dried at a temperature of 343 K for
16 h and calcined at 773 K for 1 h.

3.2. Structured Catalyst Preparation

The structure was obtained by assembly 7 circular open cell aluminum alloy foams with a diameter
of 1.4 cm, obtained by cutting and shaping 1 cm thick commercial sheet. The as obtained foams were
cleaned and corroded by treating with 5 vol% HF solution for 4 min, then washed with distilled
water and dried at 393 K for 2 h. The ceria coating was realized by means of chemical conversion
coating described in a previous article [41]. The corroded foams were degreased with a 5 wt% solution
of NaOH for one minute, washed with distilled water, then etched in a 35 vol% solution of HNO3,
washed with distilled water, then treated with a chemical bath to coating the surface with ceria support.
The coating bath consisted of an acidic solution (pH = 2, by HCl) obtained by dissolving CeCl3*7H2O
(1.3 wt%), 35% wt H2O2 (3.8 wt%) in distilled water. The foams were treated with this solution for 2 h
at 328 K; the treatment was repeated three times. After each treatment, the reacted foams were washed
with distilled water and dried for 2 h at 393 K. After the third treatment the foams were calcined at
773 K for 1 h. Rhenium and platinum were loaded by wet impregnation of the coated structures,
by immersing in the metal salt precursor solution at 328 K for 20 min, followed by drying at 393 K for
2 h and calcining at 773 K for 1 h.

3.3. Catalysts Characterization

The catalysts were characterized with a series of physical–chemical analytical techniques. The B.E.T.
specific surface areas measurements were carried out with a Costech Sorptometer 1040 (Costech
International, Milano, Italy), by dynamic N2 adsorption at 77 K. The crystal phases were obtained
by X-ray powder diffraction (Rigaku MiniFlex 600). The crystallite sizes were calculated from the
diffractograms by applying the Scherrer equation. The chemical composition was checked by means of
an ARLTM QUANT’X ED-XRF spectrometer (Thermo Scientific, Rodano, Italy), while the structural
features were evaluated with a Raman spectroscopy using an inVia Raman Microscope (Renishaw,
Pianezza, Italy), equipped with a 514 nm Ar ion laser operating at 25 mW. TEM images were obtained
with a FEI Tecnai 20 (Sphera) microscopy operating at 200 kV LaB6 filament. Samples morphology
was observed by a Field Emission Scanning Electron Microscope (FE-SEM, mod. LEO 1525, Carl Zeiss
SMT AG, Oberkochen, Germany). The H2-TPR experiments were carried out in the temperature range
of 293–723 K, with a reducing stream of 500 Ncc/min containing 5 vol% of H2 in Ar, applying a heating
rate of 10 K/min, in the same reactor used for the activity tests, as described below.

3.4. Catalytic Activity Tests

The powder catalysts were previously compacted and sieved in the 180–355 µm range and
diluted with quartz glass at the same total volume. The activity tests were carried out on the reduced
catalysts, at atmospheric pressure, in the temperature range 500-620 K, at a contact time τc = 131 ms,
with a reacting mixture 43 vol% H2, 7 vol% CO2, 7 vol% CO, X vol% H2O (X = 14, 20 or 24), balance
Argon. The structured catalyst was surrounded by a thermo expanding pad with a thickness of
3 mm, and previously reduced in the H2-TPR experiments. The activity tests were carried out at
atmospheric pressure, in the temperature range 500–620 K, at a contact time range τc = 23–131 ms,
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with two different reacting mixture, the first was 43 vol% H2, 7 vol% CO2, 7 vol% CO, 24 vol% H2O,
19 vol% Argon, the second was 37.61 vol% H2, 9.31 vol% CO2, 9.31 vol% CO, 42.19 vol% H2O, 1.37 vol%
CH4. The catalytic activity tests were performed in a stainless-steel tubular reactor with an internal
diameter of 22 mm and a length of 40 cm. The reaction products were dried through a refrigerator
Julabo F12 (JULABO Labortechnik GmbH77960 Seelbach, Germany)and sent to a Hiden Analytical
mass spectrometer (Hiden Analytical, 420 Europa Blvd, Westbrook, Warrington WA5 7 UN, UK).

3.5. Kinetic Measurements

The kinetic evaluation was performed by numerically analyzing the results of dedicated
experimental tests, carried out at atmospheric pressure using mixtures of CO, CO2, H2, H2O, and Ar.
The tests were performed as described in the previous paragraph, by varying the H2O/CO ratio in
a wide temperature range. In particular, the data regarding the catalytic performance of the system
far from the thermodynamic equilibrium conditions were considered, so that differential reaction
conditions could be assumed, with negligible heat and mass transfer effects. The approach described
below was followed both for the powder and for the structured catalysts, even if for the structured
catalyst only the operating condition corresponding to the H2O/CO ratio =24/7 (the condition in which
the powder catalyst showed the best catalytic performance) was analyzed.

The reactions used for the numeric analysis are:

• The WGS reaction: CO + H2O = CO2 + H2

• The CO methanation: CO + 3H2 = CH4 + H2O
• The CO2 methanation: CO2 + 4H2 = CH4 + 2H2O

The reaction rates of the above reported reactions were expressed as follows, considering that
(i) for the WGS reaction the keq was calculated using the expression proposed by Moe [42], and (ii) for
the two methanation reactions a kinetic expression based on a Langmuir–Hinshelwood approach
was used:

• −rCO = kWGS

(

PCOPH2O −
PCO2 PH2
keq,WGS

)

with keq,WGS = e
4577.8

T −4.33

• −rCO = kCO
PCOPH2

(1+KCOPCO+KH2OPH2O)
2

• −rCO2 = kCO2

PCO2 PH2

(1+KCO2 PCO2+KCOPCO+KH2OPH2O)
2

In the above reported expressions, the terms have the following meaning:

- Pi is the partial pressure of the component “i”.

- ki (T) is the reaction rate constant according to the Arrhenius law: ki = k0,ie
−

EA,i
RT , with k0,i =

pre-exponential factor and EA,i = the activation energy.
- Kj (T) are the adsorption constants for the component “j”, expressed according to the Arrhenius

law [41]: K j = K0, je
−

HA, j
RT , with K0,j = pre-exponential factor and ∆HA,j = the adsorption heat.

The material balances on the single components allowed obtaining a set of equations, resolved
by applying the Eulero method by means of the Excel software. For each operating condition,
the experimental results were compared with the one from the kinetic model, and the Solver of the Excel

software allowed the minimization of the function f = min
(

∑n
c=1

(

xexpc − xmodc

)2
)

. The optimization

procedure was performed several times with various initial values of the parameters, with the aim to
confirm the robustness of the optimization scheme.

4. Conclusions

In this work, a comparative study on Pt/Re/CeO2 powder catalysts, for CO water-gas shift reaction,
has been presented. The activity of three catalysts, obtained by sequential dry impregnation of
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commercial ceria with the salts precursors of rhenium and platinum, has been evaluated in water–gas
shift reaction, as function of the temperature, of the Pt/Re ratio and of the feeding conditions (H2O/CO
ratio). The kinetic parameters have been calculated by means of numerical analysis, considering the
water–gas reaction and CO and CO2 methanation reactions. The results of the activity tests showed
the best performance of catalyst with Pt/Re ratio equal to 2/1, which was related to the reduction
temperature of the PtOx/ReOy system, observed in the H2-TPR experiments. This catalyst showed
lower reduction temperatures compared to the catalysts with Pt/Re ratio equal to 1/1 and 1/2. In the
second part of the work a structured catalyst, loaded with the 2Pt/1Re/CeO2 catalytic formulation,
has been prepared, by coating with ceria a commercial alumina alloy foam by means of chemical
conversion coating technique. The SEM images highlighted the nanometric structure and the high
rough of the coating. The catalytic activity tests and the kinetic evaluation have been showed a good
scale up of the performance from the powder to the structured catalyst. Moreover, the catalytic activity
of the structured catalyst has been evaluated in simulated reformate gas feeding conditions, showing
that is possible to design a single-stage WGS process, with the prepared structured catalyst.
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Abstract: Water splitting is one of the efficient ways to produce hydrogen with zero carbon dioxide
emission. Thus far, Pt has been regarded as a highly reactive catalyst for the hydrogen evolution
reaction (HER); however, the high cost and rarity of Pt significantly hinder its commercial use.
Herein, we successfully developed an HER catalyst composed of NiSx (x = 1 or 2) on stainless steel
(NiSx/SUS) using electrodeposition and sulfurization techniques. Notably, the electrochemical active
surface area(ECSA) of NiSx/SUS was improved more than two orders of magnitude, resulting in a
considerable improvement in the electrochemical charge transfer and HER activity in comparison with
stainless steel (SUS). The long-term HER examination by linear scan voltammetry (LSV) confirmed
that NiSx/SUS was stable up to 2000 cycles.

Keywords: sulfurization; NiS-NiS2; stainless steel 304; hydrogen evolution

1. Introduction

Hydrogen production via electrochemical water splitting is regarded as an ideal energy source
that can potentially substitute conventional fossil fuel because of its large energy density and zero
carbon dioxide emission [1–3]. Developing efficient and durable electrocatalysts with cost- effectiveness
is highly desirable for the practical usage of water splitting devices. Pt-based catalysts are highly
reactive toward the hydrogen evolution reaction (HER) due to the optimal binding energy with
adsorbed hydrogen species formed during the HER process [4]; however, the high cost and rarity of Pt
significantly hinder its commercial use. Therefore, tremendous effort has been devoted to develop
earth-abundant materials that can substitute Pt in HER [5,6]. Among those, TMS (transition metal
sulfides), such as nickel sulfides, appear to be a promising class of HER electrocatalysts owing to their
earth abundance, remarkable HER performance, and long-term operational stability in both acidic and
alkaline solutions [7–12]. For example, T. F. Hung et al. reported that the nickel sulfide nanostructure
showed high electrochemical performance in HER and supercapacitors [13,14]. Nanostructured nickel
sulfide was also superior to the bulk counterpart as reported by P. Liu et al. [14]. Although a number of
synthetic methods for nickel sulfide (e.g., solvothermal and hydrothermal [7,9], and electrospinning [13]
have been reported, it is still very important to establish an effective and simple approach to fabricate
the nickel sulfide-based electrodes for HER application.

Electrode substrates are equally important in terms of HER efficiency as for the catalytically
active phase deposited on the electrode surface since the electrochemical performance and operational
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stability of HER electrodes can be substantially affected by the substrates used [15,16]. In this regard,
stainless steel (SUS) has potential for efficient hydrogen evolution as a substrate because of its mechanical
strength, corrosion resistance, cost-effectiveness, and good electrical conductivity compared to other
substrates [17,18]. However, growing electrochemically active materials on the surface of SUS remains
a challenging task. This is mainly because SUS is composed of many kinds of metals such as iron, nickel,
molybdenum, chromium, and magnesium, and these metals can inevitably diffuse to the surface at high
pressure and temperature [19]. This prevents researchers from controlling the material composition
and in understanding the composition-HER performance correlation. Further, the slippery surface
of SUS and the generation of hydrogen bubbles during HER result in the undesired detachment of
catalysts from the SUS and the electrode eventually to lose its reactivity [20].

Herein, we directly fabricated nickel sulfide (NiSx) nanostructures on SUS (NiSx/SUS) with a
facile method to enhance the stability of electrocatalysts on SUS and improve the electrocatalytic
activity. Nickel electrodeposition was carried out to introduce a nickel overlay on the surface of
SUS. The following sulfurization at relatively low temperature, while preventing the metal diffusion
from SUS to the surface catalytic phase, was sufficient for the direct growth of NiSx on the SUS.
The reported synthetic approach is important to prevent the undesired detachment of NiSx from
the SUS surface during the HER process. The crystallinity, chemical composition and oxidation
state, and morphologies of NiSx/SUS were fully characterized by XRD (X-ray diffraction), XPS (X-ray
photoelectron spectroscopy), and SEM (scanning electron microscopy). HER examination shows that
the NiSx/SUS led to a substantial improvement in the electrochemical activity and long-term stability
in comparison with SUS.

2. Results

2.1. Characteristics of the NiSx/SUS Electrode

Figure 1 depicts a schematic illustration of the electrode preparation via two steps. The first
step, the nickel electrodeposition of SUS, was optimized at −5 mA cm−2 for 30 min in 1 M nickel
sulfate solution for a uniform covering of nickel on SUS. The sulfurization (step 2) involved the
chemical reaction between vaporized sulfur and nickel on SUS to generate NiSx/SUS. The sulfurization
temperature was set at 300 ◦C because lower or higher temperatures only resulted in inefficient
sulfurization or electrode damage, respectively. This synthetic approach is very facile and can be easily
scaled up. For comparison, SUS was also sulfurized under the same condition (see more details in the
experimental section). After the sulfurization, the colors of the electrodes changed to black (NiSx/SUS)
and grey (S-SUS).

 

 

 

− −

 

Figure 1. Schematic illustration of two-step sample preparation. Step (1) nickel electrodeposition in
1 M nickel sulfate solution and step (2) sulfurization for NiSx/SUS at 300 ◦C for 30 min.
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The morphological properties of the prepared samples are revealed in Figure 2. The morphology
of S-SUS sparsely shows nanorod shapes lying horizontally on the SUS (Figure 2a,c). On the other
hand, NiSx/SUS was densely covered by the NiSx nanoparticles with mean size of approx. 100 nm and
thickness of approx. 24µm. There are many more exposed active sites than for that of S-SUS (Figure 2b,d,
Figure S1). These morphologies from sulfurization are consistent with previous studies [21].

 

µ

 

μ
 

θ

Figure 2. Typical SEM images of S-SUS (a,c) and NiSx/SUS (b,d) at scale of 1µm and 500 nm, respectively.

The crystallinity of the prepared electrodes was investigated using X-ray diffraction (XRD)
analysis performed in the 2θ range from 20 to 90◦. Figure 3 shows the XRD results of SUS, S-SUS,
and NiSx/SUS. SUS shows normal FCC (face centered cubic) crystal structure of (111), (200), and (220)
at 43.5, 50.7, and 74.5◦ respectively, indicating consistency with previous studies [22], and there is
no significant difference from XRD results between SUS and S-SUS, suggesting that SUS is relatively
passive toward sulfur vapor at low temperatures. After the sulfurization of nickel on SUS, the evolution
of a new set of diffraction peaks can be assigned to NiS ((100), (101), (102), and (110) at 30.1, 34.6, 45.7,
and 53.5◦, respectively) [7] and NiS2 ((200), (210), (211), (220), and (311) at 31.4, 35.3, 38.8, 45, and 53.4◦,
respectively) [14]. The peak intensity corresponding to those characteristic of SUS is seen to lessen to
some extent, implying that the surface of SUS is covered with a thick layer of NiSx.
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Figure 3. X-ray diffraction analysis of SUS (black), S-SUS (blue), and NiSx/SUS (red) with JCPDS No.
01-089-7142 (NiS2) and 03-065-3419 (NiS).

In order to investigate the chemical composition and binding states of the prepared electrodes,
XPS analysis was carried out as shown in Figure 4. The XPS survey spectra of SUS, which mainly
consists of Fe, Ni, Cr, and Mn, shows high intensity of O1s and C1s and very low intensity of Fe
2p indicating metal oxide film on SUS (Figure 4a) [23]. In case of S-SUS, because the intensity of
Fe 2p and Cr 2p was too small to quantify the metal sulfides, S 2p was analyzed by the four peaks
at 163.98 eV, 163.08 eV, 162.3 eV, and 161.2 eV (S0, Sn

2−, S2
2−, and S2−) indicating the metal-S bonds

(Figure S2) [24–26]. Therefore, it was elucidated that small amounts of metals were combined with
sulfur on the surface of S-SUS. The survey spectra of NiSx/SUS shows higher intensity of Ni 2p and S 2p
compared to others. The low intensity of Fe 2p and Mn 2p is ascribed to minor metal diffusion during
the synthesis. In order to confirm the binding states of NiSx, the XPS result of NiSx/SUS was presented
by Ni 2p and S 2p deconvolution. The Ni 2p spectrum of the spin-orbit doublet was deconvoluted into
six well-resolved peaks. As shown in Figure 4b, two major peaks are observed at 854.2 eV and 872.6
eV designated to Ni2+, while the two peaks at 856.1 eV and 875.9 eV are attributed to Ni3+ in the Ni
2p1/2 and Ni 2p3/2 [27]. The elemental contents of SUS, S-SUS, and NiSx/SUS are shown in Table S1.
From this result, it was confirmed that the surface of the electrode was covered by NiSx and no metallic
nickel remained. The high resolution scan of S 2p is exhibited in Figure 4c. The binding states of S2−

and S2
2− are observed at 161.2 eV and 162.3 eV respectively, which is indicative of NiS and NiS2 [24].

These results are highly consistent with the XRD results of NiSx/SUS, implying that the sulfurization
was successful in synthesizing the hybrids of NiS and NiS2 without metal diffusion from SUS during
the synthesis.
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Figure 4. X-ray photoelectron spectroscopy of prepared electrodes. (a) Survey spectra of SUS (black),
S-SUS (blue), and NiSx/SUS (red); (b) high resolution XPS scans of Ni 2p; and (c) S 2p from NiSx/SUS.

2.2. Electrochemical Results and Analysis

To investigate the HER performance of the prepared electrodes, a conventional three electrode
experiment was performed in 1 M KOH. NiSx/SUS was used as a working electrode, Pt and the
saturated calomel electrode (SCE) were used as a counter electrode and reference electrode respectively.
In order to see how much the HER performance was improved, SUS and S-SUS were used for the
working electrodes as well. The polarization curve of NiSx/SUS was considerably improved compared
to SUS and S-SUS. For specific comparison we observed the ŋ10 (overpotential at −10 mA cm−2, mV vs
reversible hydrogen electrode (RHE)) of each electrode (Figure 5a). The ŋ10 of NiSx/SUS was 258
mV, which is much smaller than those of S-SUS (494 mV) and SUS (457 mV). Tafel slope was used to
understand the HER kinetics (Figure 5b,c). In general, the mechanism of HER in alkaline medium
involves a two-step process [28]. The first step is the Volmer reaction (H2O + e− → Hads + OH−)
associated with the hydrogen adsorption on the electrocatalysts. The second step is the Heyrovsky
(H2O + e− +Hads→H2 +OH−) or Tafel (Hads +Hads→H2) reaction which explain the H2 dissociation
from the electrocatalysts. Figure 5b shows that the Tafel slope of NiSx/SUS was determined as
100 mV dec−1 which shows the improved electrocatalytic activity of NiSx from the SUS. The Tafel slope
reveals that the HER mechanism of NiSx/SUS can be elucidated by the Volmer–Heyrovsky reaction
as shown in Figure 5c. SUS and S-SUS show low Tafel slopes of 170 and 154 mV dec−1, respectively,
indicating poor electrocatalytic activity. As shown in the linear scan voltammetry (LSV) and Tafel plot,
the HER performance of S-SUS was barely improved from the SUS even after sulfurization, which
means the enhanced HER performance of NiSx/SUS mainly stems from the NiSx on the SUS. To better
understand the electrocatalytic activities of the prepared electrode, double layer capacitances (Cdl)
and electrochemical impedances were measured by cyclic voltammetry (CV) and electrochemical
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impedance spectroscopy (EIS) experiments (Figure 5d,e). Cdl has a linear relationship with ECSA,
which is correlated with the electrochemical performance of a given electrode (Figure 5d). Figure S3
shows the CV result obtained in the non-faradaic region at different scan rates (20 to 260 mV s−1) for
NiSx/SUS, S-SUS, and SUS. S-SUS has 0.2 mF cm−2 for Cdl which is ten times higher than that of SUS
(0.018 mF cm−2) which is indicative of the similar trend with the LSV graph (Figure 5a). NiSx/SUS
show the highest Cdl value (2.63 mF cm−2) which is 140 times higher than SUS and 13 times higher
than S-SUS. For analysis of EIS, the Nyquist plot was used as shown in Figure 5e. All electrodes show
the semicircles of the Nyquist plot and have similar Rs (solution resistance) around ~3 Ω in 1 M KOH.
On the other hand, Rct of NiSx/SUS has the smallest value of 11.1 Ω, however, SUS and S-SUS show
very high impedances (231.5 and 186.1 Ω). It was confirmed that the interfacial charge transfer reaction
during the HER process occurs much more rapidly on the NiSx/SUS than on the other electrodes.
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Figure 5. Hydrogen evolution reaction (HER) performances of prepared electrodes. (a) Linear scan
voltammetry (LSV) in the range of 0 to −0.6 V vs reversible hydrogen electrode (RHE) in 1 M KOH;
(b) Tafel plots; (c) illustration for hydrogen evolution reaction of NiSx/SUS; (d) increased current
density in non-faradaic region depending on the increasing scan rates for double layer capacitances of
electrodes; (e) Nyquist plot at −0.4 V vs RHE; and (f) LSV 2000 cycles of NiSx/SUS for 33 h.

In order to evaluate the electrochemical stability of NiSx/SUS, the electrode was subjected to
2000 cycles of LSV (0 to −0.6 V vs RHE at 10 mV s−1) for 33 h. As seen in Figure 5f, there is no significant
difference in the LSV before and even after 2000 cycles, indicating the excellent long-term stability of the
NiSx/SUS. In addition to this, XPS results revealed that the NiSx on NiSx/SUS is stable after 2000 cycles
of LSV in alkaline condition (Figure S4). These results imply high ECSA and low Rct of NiSx high
corrosion resistance of SUS not only enhances the stability but also improves the HER performance
in alkaline solution. Because SUS has slippery surface, electrodeposition was used for attachment of
nickel on SUS for the stability of the electrode. To overcome the electrochemically poor activity of SUS,
the ECSA of the electrode was considerably increased and Rct was decreased by sulfurization of nickel
on the SUS.
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3. Materials and Methods

3.1. Preparation of Electrodes

Commercial stainless steel 304 (SUS, 10 mm × 20 mm × 250 µm) was used as a substrate for HER.
DI water, ethanol, and acetone were used to clean the SUS subsequently. Nickel electrodeposition
was carried out at −5 mA cm−2 for 30 min in 1 M nickel sulfate solution (Kanto, Tokyo, Japan).
The deposited Ni on SUS was placed in the electric furnace for sulfurization. Ar gas (100 sccm)
and sulfur powder (300 mg, Sigma Aldrich, St. Louis, MO, USA) were used as a carrier gas and
an S precursor respectively. Sulfurization was carried out at 300 ◦C for 60 min in a low vacuum
environment and the cooling temperature was controlled at a rate of 20 ◦C·min−1. After synthesis, the
electrode (denoted as NiSx/SUS) was washed with acetone and dried at room temperature for 10 min.
For comparison, SUS was sulfurized and dried, without electrochemically deposited nickel (denoted
as S-SUS).

3.2. Characterizations

Field emission-scanning electron microscopy (FE-SEM; Hitachi, S-4300, Tokyo, Japan) was used
to analyze the morphologies of NiSx/SUS and S-SUS at the scale of 1 µm and 500 nm, respectively.
The chemical composition and binding state of the electrode surface were confirmed through an
XPS (Thermo Fisher Scientific Co, Waltham MA, USA) which had a micro-focused Al-Kα source.
XRD (X’Pert PRO MRD, Phillips, Eindhoven, The Netherlands) analysis was carried out in the 2θ range
of 20 to 90◦.

3.3. Electrochemical Measurements

HER performance was evaluated by using potentiostat/galvanostat (Vertex, IVIUM Technology,
Eindhoven, Netherlands) for a conventional three electrode system. To see the hydrogen evolution
from alkaline solution, 1 M KOH was used as the electrolyte. The prepared electrodes, Pt and a
saturated calomel electrode (SCE, Hg/Hg2Cl2) were used as working electrodes, a counter electrode,
and a reference electrode respectively. LSV data were acquired in the range of 0 to −0.8 V vs RHE
(versus reversible hydrogen electrode) at a scan rate of 10 mV s−1, and CV experiments were carried at
scan rates for every 20 mV s−1 increments up to a scan rate of 300 mV s−1 in the non-faradaic regions.
The Nyquist plot was used for the analysis of EIS at the −0.4 V vs RHE in the frequency from 100k to
0.5 Hz. For a stability test, LSV 2000 cycles were carried out in the range of 0 to −0.6 V vs RHE at a
scan rate of 10 mV s−1 for 33 h.

4. Conclusions

In this research, we overcame the limitations of SUS as a substrate and directly synthesized nickel
sulfides through electrodeposition and sulfurization. The reported synthetic paradigm is very facile and
straightforward, rendering the fabrication of the water splitting electrode at a large scale. Importantly,
the NiSx/SUS shows substantially improved HER kinetic performance in alkaline solution compared
with SUS and S-SUS. The enhanced HER activity and long-term operational durability mainly stem
from the increased ECSA of NiSx/SUS and the high corrosion resistance of SUS. These results indicate
that SUS substrate can be used for efficient HER with various electrocatalysts and nickel sulfides also
can be synthesized on other substrates with the same methods.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/11/1274/s1,
contains supporting XPS and CV data. Figure S1: The thickness of the SEM image of NiSx/SUS. Figure S2:
Deconvolution of the XPS peaks of S-SUS in the S 2p region. Table S1: Surface chemical analysis of samples by
X-ray photoelectron spectroscopy (XPS). Figure S3: CV of the prepared electrodes in the non-faradaic regions at
different scan rates (20 mV s−1 to 260 mV s−1). Figure S4: XPS of NiSx/SUS after 2000 cycles in 1M KOH.
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Abstract: Interest in chemical hydrogen storage has increased, because the supply of fossil fuels are
limited and the harmful effects of burning fossil fuels on the environment have become a focus of
public concern. Hydrogen, as one of the energy carriers, is useful for the sustainable development.
However, it is widely known that controlled storage and release of hydrogen are the biggest barriers
in large-scale application of hydrogen energy. Ammonia borane (NH3BH3, AB) is deemed as one
of the most promising hydrogen storage candidates on account of its high hydrogen to mass ratio
and environmental benignity. Development of efficient catalysts to further improve the properties of
chemical kinetics in the dehydrogenation of AB under appropriate conditions is of importance for the
practical application of this system. In previous studies, a variety of noble metal catalysts and their
supported metal catalysts (Pt, Pd, Au, Rh, etc.) have presented great properties in decomposing the
chemical hydride to generate hydrogen, thus, promoting their application in dehydrogenation of AB
is urgent. We analyzed the hydrolysis of AB from the mechanism of hydrogen release reaction to
understand more deeply. Based on these characteristics, we aimed to summarize recent advances
in the development of noble metal catalysts, which had excellent activity and stability for AB
dehydrogenation, with prospect towards realization of efficient noble metal catalysts.

Keywords: ammonia borane; noble metal catalysts; chemical hydrogen; hydrogen production

1. Introduction

Energy is considered as a substantial material basis for survival and development of human
society [1–3]. The rapid growth of world population and continuous improvement of living standard
provokes excessive consumption of traditional fossil fuels, especially oil, coal and natural gas, as
a matter of fact that in the future, these traditional resources will be inadequate to support the
constantly progress of human civilization. Apart from the fact that fossil fuel resources are in short
supply, many problems were exposed because of fossil fuel utilization [4,5], such as air pollution,
water pollution and excessive carbon dioxide emissions leading to global warming. From this point
of view, these problems have reached a serious point nowadays, thus, the exploitation of clean and
renewable energy is receiving more attention.

Hydrogen, which is clean, effective and environmental benign nature [6–9], is regarded as an
ideal alternative to fossil energy and the prospective secondary green energy in the 21st century.
However, storage and transportation of large quantities of hydrogen are the difficult challenges [10–12],
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which limit its advance and application. Hydrogen storage materials (mainly including chemical
hydrides [13], adsorption hydrogen storage materials [14], metal hydrides [15], etc.) have been
widely concerned and investigated [16–18]. In recent years, chemical hydride (NH3BH3, N2H4, etc.),
due to high hydrogen storage density, volume, have been proved to be a practical hydrogen source.
Among them, ammonia borane is one of the most employed chemical hydrides, with providing safe
and efficient alternative [19–21]. Ammonia borane (NH3BH3, AB), has a high capacity of hydrogen
(19.6 wt%) [22,23], low molecular mass (30.7 g/mol) [24,25] and high solubility, which is a stable solid
at normal atmospheric temperature, making it attractive candidate for hydrogen storage application.
Moreover, AB with low condition of hydrogen production and various forms of decomposition has
attracted intensive attention to explore.

The hydrolysis rate of AB is closely related to the selected catalysts [26]. The highly dispersed
monometallic particles can improve the sites to achieve the effect of rapid hydrogen release. So far,
more and more metal catalysts have been produced to accelerate the hydrolysis of AB. In this
review, the progress of noble metal catalysts for the hydrolysis of AB was reviewed. At the same
time, we introduced three kinds of decomposition methods of AB, including pyrolysis, alcoholysis
and hydrolysis. Hydrolysis reaction is more widely used in the practical application for hydrogen
production from AB. The development of new advance in single noble metal catalysts and composite
catalysts of noble metals and non-precious metals were discussed, and the influence of using carbon,
graphene, carbon nanotubes, silica, ceria and titanium supported catalysts on the hydrolysis of AB
were explored. Finally, the inspiration for the future development of catalysts was given in this field.

2. The Processes of Hydrogen Production on NH3BH3 (AB)

2.1. The Methods of Producing Hydrogen from NH3BH3(AB)

Through research and exploration, there are three main ways to release hydrogen from AB,
pyrolysis, alcoholysis and hydrolysis, respectively [27–34].

The pyrolysis process of solid phase thermal decomposition of AB [35–37] is shown in the following
table (Table 1). Each reaction releases about one-third of the content, producing polyaminoborane,
polyiminoborane, boron amide and other substances. When the temperature reaches 110 ◦C, AB begins
to release its first equivalent of hydrogen, about 6.5 wt%. Intramolecular polymerization takes place
at around 125 ◦C. When the temperature reaches 150 ◦C, the reaction releases a second amount of
hydrogen. Finally, BN compounds are formed when the reaction temperature exceeds 500 ◦C [38].
In all, only the first and second processes are considered throughout the reaction, producing about
13% by weight of hydrogen. It is easy to produce borane, ammonia, bororazine and other harmful
substances at high temperature, which is not conducive to environmental protection and practice
application [39,40]. Contemporary, pyrolysis reaction as high temperature, high energy consumption
and slow dehydrogenation power, is not suitable for mass manufacture.

Table 1. Ammonia borane decomposition of hydrogen.

Thermal Decomposition Step Chemical Equation Processes Ref.

The first step (110 ◦C) NH3BH3 → NH2BH2 + H2 The first yield of hydrogen [35]
The second step (125 ◦C) nNH2BH2 → (NH2BH2)n Intramolecular polymerization [36]
The third step (150 ◦C) (NH2BH2)n → (NHBH)n+ nH The second yield of hydrogen [37]

The remaining step (500 ◦C) (NHBH)n → nBN+ nH2 generation of excess hydrogen [38]

Compared with pyrolysis, adding an appropriate catalyst, the alcoholysis of AB can release three
equivalents of hydrogen at room temperature (Equation (1)) [41]. Chen et al. [42] prepared amorphous
Co nanoparticles as catalyst for hydrogen liberation of AB alcoholysis, which displayed the intended
hydrogen production performance. After ten tests of catalytic cycles, the turnover frequency (TOF)
value of cobalt nanoparticles was still up to 515 molH2 molmetal

−1 h−1. Yu et al. [43] synthesized CuNi

64



Catalysts 2020, 10, 788

nanoparticles with a diameter of 16 nm by liquid phase method, which were successfully loaded
onto graphene, and then obtained G-CuNi catalyst after being treated with tert-butylamine. It was
surprising that the TOF value and activation energy of the catalyst reached up to 49.1 molH2 molCuNi

−1

min−1 and 24.4 KJ/mol, respectively. Özhava et al. [44] reported that a stable Ni nanoparticles catalyst
with polyvinylpyrrolidone (PVP) could be separated from the reaction solution by centrifugation,
which had the advantages of simple preparation, high activity and high cost effectiveness. The TOF
value of the catalyst utilized for the methanolysis of AB was 12.1 min−1. The high production cost
of alcoholysis even though adding catalysts can increase the rate of hydrogen releasing has drawn
attention to solve the practice difficulties in promoting production.

NH3BH3 + 4CH3OH→ NH4B(OCH3)4 + 3H2 (1)

AB hydrolysis is a process in which AB reacts with water in the presence of the suitable catalyst to
release the hydrogen contained in the molecule [45]. The hydrolysis of AB to produce hydrogen can be
carried out at room temperature, clean and pollution-free. Compared with the other two methods
of hydrogen production, hydrolysis has obvious advantages, such as lower production cost, faster
hydrogen liberation rate than alcoholysis and lower reaction temperature than pyrolysis [46]. This
is an environmentally friendly and efficient hydrogen release method. AB reaction equation is as
follows (Equation (2)). In the reaction process, the two hydrogen atoms in the hydrogen come from
the AB molecule and the water molecule, and the hydrolysate is pollution-free. As a result, hydrogen
production by hydrolysis of AB is considered to be an attractive approach to meet the low-cost and
environmentally-friendly market needs.

NH3BH3 + 2H2O→ NH4BO2 + 3H2 (2)

2.2. The Hydrolysis Mechanism of NH3BH3(AB)

The research on the hydrolysis mechanism of AB is mainly concluded by theoretical calculation
and reasoning. Figure 1 showed the mechanism of hydrogen production by hydrolysis of AB. During
the hydrolysis reaction, AB interacts with the catalyst surface to form a complex containing the H
bond, and then in the attack of water, AB and H2O each lose a hydrogen atom to form hydrogen [47].
Therefore, it can be found that the key step of catalytic water interpretation of hydrogen is that water
molecules attack the M-H of the transition state. The properties of the metal catalyst M directly
affect the formation of the transition state M-H and the speed of water interpretation of hydrogen.
Thus, the catalysts are the key to whole hydrolysis reaction [48]. According to numerous literatures,
the hydrolysis rate of AB is related to the amount of catalyst added, the amount of AB and the reaction
temperature. Among them, temperature has the greatest influence on the hydrolysis rate, and the
rate change can be obviously seen in the test of hydrogen release at different temperatures [49,50].
Generally speaking, the hydrolysis rate of AB has a zero-order relation or quasi-zero-order relation
with the concentration of AB [51]. Highly dispersed metal particles can quite improve the hydrolysis
rate, however the metal particles are easily agglomerated resulting in decreased catalytic activity.
Mechanism studies show that AB interacts with metal particles and then dissociates the B-N bond in
water to form BO2

− and H2 [28].
The development of high performance, low cost and easy recovery catalysts are the key to realize

the application of AB hydrolysate to obtain hydrogen. Xu [27] studied the performance of many metal
catalyst systems on the generation of hydrogen by the hydrolysis of AB. The results presented that both
noble metals and non-noble metals such as Pt, Ru, Pd, Rh, Cu, Co, Ni, etc. could be catalysts for the
hydrolysis of AB [6]. Among them, noble metals were supposed to be potential candidate materials on
account of their high chemical activity and stability, which were prominent in the hydrolysis reaction.
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Figure 1. Mechanism of hydrogen production by ammonia borane (AB) hydrolysis.

Although non-noble metals have low costs, they exhibit low hydrogen generation rates in contrast
to noble metals. What is more, their catalyst activities decline dramatically upon usage [52,53]. Hence,
the utilization of noble metals is a consequence for high kinetics and stable hydrogen generation
rate. Since there have been reports focused on catalytic hydrolysis of AB with noble metals [27], a
number of studies have been conducted on monometallic and polymetallic catalysts [10]. Based on the
above points, we mainly summarized the progress of high efficiency noble metal catalysts, composite
catalysts and supported catalysts for AB dehydrogenation in the following papers.

3. The Development of Catalysts for NH3BH3 (AB) Dehydrogenation

In general, catalytic activity is evaluated based on the TOF value. TOF value is considered as
the molecule that reacts per unit of active area in per unit time in the light of International Union
of Pure and Apple Chemistry (IUPAC) [54]. In fact, the life of the catalyst is determined by the
chemical, thermal and mechanical stability of the catalyst. However, as time goes on, the continuous
accumulation of impurities or the loss of active particles on the surface of the catalyst will eventually
lead to a decrease in the activity of the catalyst [55]. Therefore, it is desirable to find catalysts with
excellent performance, which will remain stable and minimize deactivation after multiple reactions.

3.1. Noble Metal Catalysts

Noble metal catalyst systems mainly refer to rare transition metal elements or multi-metal catalysts,
as well as noble metal composite materials supported on other support materials. Pd [56], Pt [10,57–60],
Ru [61–69] and Rh [70,71] are the main noble metal elements, which exhibit excellent performance in
catalytic hydrolysis to produce hydrogen.

At the initial research, Xu’s research team [27] found that noble metal showed high activity
and stability in the AB hydrolysis catalyze process, which was due to the fact that the empty
d-electron-orbitals contained in these elements were easy to absorb negatively charged protons and
form intermediates to increase the reaction rate [72,73]. Among the many monometallic catalysts,
the noble metals include Pd, Pt, Ru, Rh, showing high catalytic activity. On the other hands, Ru and
Rh metals are often an alternative to the choice of precious metals, much slightly cheaper than that of
noble Pt and Pd metals, at the same time, their catalytic effect can be comparable to noble metals.

Researchers are trying to improve the utilization rate and catalytic activity of noble metals
to solve the problems of resource shortage and high price. Recently, investigators focused on
preparing better and stable supported noble metal catalysts by selecting suitable carrier and adding
additives [74–76]. On the basis of single metal, the dispersion of metal particles is strong, and the
rate of hydrogen discharge increases significantly, by loading metal particles onto the carrier [77,78].
Poly(N-vinyl-2-pyrrolidone) (PVP) protected palladium rhodium nanoparticles with a size of 2.5
nm have been reported to be used as efficient catalysts [79], which provided the process of catalytic
activity in the AB hydrolysis process and analyzed the generation of hydrogen. In the presence of
PVP, the admixture of potassium tetrachloropropionate and rhodium chloride trihydrate was reduced
by ethanol to Pd-Rh@PVP nanoparticles in ethanol water mixtures at reflux temperature. Among
them, PVP was used as stabilizer and reducing agent. By comparing the catalytic activity of various
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types (single metal Pd and Rh nanoparticles, their 1:1 physical mixture and 1:1 Pd-Rh bimetallic
nanoparticles) in AB hydrolysis reaction, the formation of alloy type Pd-Ph@PVP nanoparticles has not
been determined to be a physical mixture of single metal nanoparticles. Pd-Rh@PVP nanoparticles
could be considered as a promising catalyst with the highest activity in realistic applications and
could be used for proton exchange membrane fuel cell AB hydrolysis to produce hydrogen. Pd@PVP
nanoparticles, Rh@PVP nanoparticle, 1:1 physical mixture Pd@PVP and Rh@PVP nanoparticles as well
as Pd-Rh@PVP bimetallic nanoparticles respectively provided TOF values with growth trend: 182, 228,
430 and 1333. Figure 2 indicated that the hydrogen production presented linear relationship, starting
immediately without induction period and continuing until complete hydrolysis of AB. It was worth
noting that Pd-Rh@PVP nanoparticles with a concentration of 0.3 mM lead to the complete release of
hydrogen in AB hydrolysis within 45 s, which was equivalent to an average TOF value of 1333 mol
H2 (mol cat)−1 min−1 at 25.0 ◦C. Compared with the physical mixture of Pd and Rh nanoparticles,
Pd-Rh@PVP nanoparticles had higher catalytic performance, which was due to the effect of the synergy
of Pd and Rh and the reduction of catalyst particle size. In addition, the Pd-Rh@PVP nanoparticle’s
catalyst maintained 78% of initial catalytic activity in AB hydrolysis, even after the fifth reaction.

− −

 

Figure 2. Plot of mol H2/mol AB versus time for the hydrolysis of 100 mM AB solutions in the presence
of Pd-Rh@PVP nanoparticles in different catalyst concentrations (0.1, 0.2, 0.3, 0.4 and 0.5 mM) at 25.0
±0.1 ◦C; copyright (2014), Catalysis.

Because of its high hydrogen production activity in transition metal catalysts, platinum has
attracted widespread attention [80,81], and been deeply studied by scholars. Kinetic studies and model
calculations [57] show that Pt (111) facets are the main active surface. The particle size of about 1.8 nm
is the optimal size of Pt. At the same time, the durability of the catalyst is closely related to the particle
size of Pt [82–87]. The smaller the Pt particle size is, the lower its durability is, which may be related to
the more obvious adsorption of B-containing species on the Pt surface and the easier the change of Pt
particle size and shape. The results of this study paved the way for the rational design of highly active
and durable platinum based catalysts for hydrogen production. Wang et al. [88] proposed a simple and
gentle one-pot method to prepare porous PtPd bimetallic nanoparticles (NPs) with reverse structure
under the adjustment of 1-hexadecyl-3-methylimidazolium chloride ([C16mim] Cl) in an aqueous
solution. The composition and morphological concentration of PtPd NPs could be easily adjusted by
changing the initial molar ratio of precursor and IL. In addition, by simply changing the content of
glycine, they also found that it was possible to change the structure of porous PtPd NPs from Pt-on-Pt
to Pt-on-Pd. Figure 3 revealed the possible growth mechanism of porous PtPd NPs in the presence
of [C16mim] Cl. As shown in Figure 4, using various samples as catalysts, the hydrogen equivalent
generated per mole of AB varies with the reaction time. It could be seen that AB maintained stability
without hydrolysis in aqueous solution without any catalyst. Among all the catalysts used, porous
Pt25Pd75 NPs displayed the highest catalytic activity for AB dehydrogenation and hydrogenation.
The reaction took only twelve minutes to complete and the hydrogen yield was as high as 97.3%.
Porous Pt25Pd75 NPs with a Pd-on-Pt structure could better combine with the B atom in AB to activate
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the electronic B-H bond, making it easier to break the attack with H2O [89]. Due to its high specific
surface area, porous layered structure (including mesopores and micropores) and possible electronic
effects between Pt and Pd, porous Pt25Pd75 NPs (Pd-on-Pt structure) had outstanding catalytic activity
and the higher the stability of AB hydrolysis to produce hydrogen.

 

−

Figure 3. Illustration of the possible growth and assembly of the porous PtPd nanoparticles (NPs) in
the presence of [C16mim] Cl; copyright (2020), the Royal Society of Chemistry.

 

−

Figure 4. The curves of H2 equivalents produced per mole of ammonia borane as a function of reaction
time at 25 ◦C with various samples as catalysts; copyright (2020), the Royal Society of Chemistry.

Compared with platinum and palladium, ruthenium and rhodium are slightly cheaper, however
their catalytic performance can be similar to those of them, which is ruthenium and rhodium being often
used to replace platinum and palladium. In recent years, scholars have made extensive exploration
on ruthenium and rhodium. Martina K, et al. [90] presented new Ru compounds having PNP amido
chelate ligands, which could undergo reversible hydrogenation/dehydrogenation reaction both at the
N functionality and the ethylene backbone. The reactivity of the ruthenium complexes was utilized for
the homogeneous catalytic dehydrogenation of AB with excellent activities. Moreover, the catalysis of
gold nanoparticles has attracted increasing attention because supported gold catalysts have been found
having surprisingly high activity in oxidation. L.Wen et al. [91] successfully synthesized ultrafine Ru
NPs deposited on MCM-41via using a simple liquid impregnation reduction method. Furthermore,
they determined the effect of different Ru content attached to MCM-41 on hydrolysis dehydrogenation
of AB (0.52, 0.70, 0.90 and 1.12 wt%, respectively) (Figure 5). Among all results, 1.12 wt% Ru/MCM-41
presented the highest catalytic activity, with TOF value of 288 min−1. In summary, Ru/MCM-41
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appeared excellent catalytic activity toward hydrolysis of AB owing to the unique structure of MCM-41
with ordered hexagonal pores and the strong synergistic effect.

 

−

−

Figure 5. Hydrogen generation from aqueous AB in the presence of Ru/MCM-41 catalysts at room
temperature. Ru/AB (molar ratio) = 0.0026, 0.0044, 0.0045 and 0.0055 at Ru loadings of 0.52, 0.70, 0.90
and 1.12 wt%; copyright (2015), Chinese Chemical Letters.

In the literature on catalytic hydrolysis of AB with support Ru catalysts, their catalytic activities
are related to many factors, including particle diameter and location distribution, as well as preparation
method and selection of load carrier [92,93]. Late transition metal nanoparticles (NPs) are more prone
to aggregate in solution [94,95]. Although it can be alleviated by adding or supporting substances,
the effective area of NPs will be reduced by retention matching, which will affect the catalytic chemical
reaction [96]. Abo-Hamed E K. et al. [97] reported a monodisperse metastable ruthenium nanoparticle
(Ru NPs), which could easily solve these problems. Their report represented the case in which Ru NPs
remained stable without protective ligands or carriers while simultaneously exhibited high catalytic
activity. Metastable Ru NPs have been proved to be a promising catalytic active material for production
of hydrogen via hydrolysis of AB at room temperature. Shen et al. [76] have produced a one-step
in situ route for synthesis Rh nanoparticles supported on graphene by using methylamine borane
(MeAB) (Figure 6a,b). Compared with conventional carriers, prepared Rh/NPs supported on graphene
exhibited better catalytic activity on hydrolysis of AB, with high TOF values of 325 min−1 and low
activation energy (Ea) values of 16.4 KJ mol−1. As clearly shown from transmission electron microscope
(TEM) image of Rh/graphene NPs, there were no significant changes in morphology of Rh/NPs on
graphene, and no noticeable aggregation of Rh/NPs after the fifth run durability (Figure 6c,d).

3.2. Noble Metal and Non-Precious Metal Composite Catalysts

Noble metal catalysts exhibit high catalytic capability, but the high cost and low utilization
of precious metals have greatly limited their application in commercial production [98]. Whereas
non-precious metals are favored by researchers on account of the abundant resources on earth and
low price, even if their catalytic property are not as good as noble metals. To address effectiveness of
catalysts [99], it is better to add non-precious metals to the catalysts without significantly reducing the
catalytic activity to manufacture noble metal and non-precious metal composite catalysts. Although the
hydrolyzing rate of AB can be improved obviously by using non-noble metal materials or composites
as catalysts, the catalytic performance of non-precious metal catalysts has yet to be advanced compared
with noble metals. Now, how to improve the catalytic activity of cheap non-precious metals has
become a popular topic. Pure noble metals and non-precious metals have not been able to meet the
requirements of market, thus, the combination of noble metals and non-precious metals or mutual
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fusion for solution provides ideas to solve this matter. Then binary or multivariate catalysts gradually
emerged [100,101], which not only reduce the material cost, but also enhance catalyst activity.

  

Figure 6. (a) and (b) TEM and HRTEM images of the Rh/graphene NPs; (c) TEM mages of the
Rh/graphene NPs after five cycles; (d) EDS spectrum of Rh/graphene NPs; and (a) inset: particle size
distribution of Rh/graphene NPs; copyright (2014), Hydrogen Energy.

Manna et al. [56] used cobalt-ferrite coated by polydopamine (PDA) as the carrier, which was the
coating layer formed by the long-term mixing of dopamine hydrochloride and cobalt ferrite, and then
loaded palladium particles onto the carrier to synthesize Pd/PDA-CoFe2O4. The results displayed that
Pd/PDA-CoFe2O4 with Pd loading of 1.08 wt% was a highly active and reusable catalyst. Moreover,
it was worth mentioning that Pd still maintained its initial catalytic activity after ten times of catalysis.
Zhang J et al. [102] fabricated Pd-Cu nanocrystals by a facile and flexible protocol, with diverse
morphological features to enhance catalytic and durability. As a result that elements Pd (2.20) and
Cu (1.91) were significantly different in the electronegativity, it was easier to generate electrons from
one element to another after forming the alloy, resulting in the electron coupling effect. Through the
characterization technology, X-ray photoelectron spectroscopy (XPS) analysis results are confirmed in
Figure 6. As could be seen from Figure 7, there was indeed an electric coupling or synergistic effect in
Pd-Cu alloy, which was conducive to the adsorption of H to form metal-H species, thereby promoting
the catalytic effect of AB hydrolysis. In theory, it was the accumulation of electron clouds around the
nucleus of Pd that promoted the adsorption of H and facilitated the formation of metal-H species to
accelerate the dehydrogenation of AB [103]. Furthermore, the catalytic activity of AB was investigated
in detail using Pd-Cu alloy nanocrystals as catalysts. The hydrogen equivalent produced from AB
hydrolysis by six different Pd-Cu alloy nanocrystals (Pd-Cu NAs-1, Pd-Cu NAs-2, Pd-Cu NAs-3,
Pd-Cu NAs -4, Pd-Cu NAs -5, Pd-Cu NAs -6) prepared them and metal nanocrystals of two elements
(Pd-NPs, Cu-NPs) were shown in Figure 8. For all the catalysts investigated, the catalytic capacity of
Pd-NPs was the strongest, while that of Cu-NPs was the weakest. In bimetallic alloy nanocrystals,
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Pd-Cu NAs-1 held the highest catalytic ability. For bimetal Pd-Cu alloy nanocrystal catalytic capacity
follows the following order: Pd-Cu NAs-1 > Pd-Cu NAs-5 > Pd-Cu NAs-2 > Pd-Cu NAs-3 > Pd-Cu
NAs-4 > Pd-Cu NAs-5. By this treating, experimental data confirmed, actually, the fact that catalytic
performance of bimetallic catalysts was superior to that of their single metal elements, which has been
recorded in other literature on other alloy catalysts [104,105].

− −

 

Figure 7. XPS spectra for the Pd-Cu NAs-1 sample. (a) Survey scan; (b) Pd 3d; (c) Cu 2p; copyright
(2019), Hydrogen Energy.

 

−

Figure 8. H2 equivalents generated from AB hydrolysis catalyzed by the different Pd-Cu alloy
nanoparticles at 298 K. (a) Pd-NPs; (b) Pd-Cu NAs-1; (c) Pd- Cu NAs-5; (d) Pd-Cu NAs-2; (e) Pd-Cu
NAs-3; (f) Pd-Cu NAs-4; (g) Pd-Cu NAs-6; (h) Cu-NPs; copyright (2019), Hydrogen Energy.

Compared to monometallic catalysts, much better selectivity and catalytic activity have been
demonstrated for bimetallic catalysts [106–110]. The bimetallic catalysts formed by Pt and non-precious
metal have been proved to be superior to other catalysts. Yang’s group [111] reported that PtxNi1-x

(x = 0, 0.35, 0.44, 0.65, 0.75 and 0.93) nanoparticles were used as catalyst for hydrogen generation
from hydrolysis of AB. They studied the catalytic activity of PtxNi1-x (x = 0, 0.35, 0.44, 0.65, 0.75
and 0.93) the hydrolysis and dehydrogenation of AB solution. The results exhibited that the particle
size of PtxNi1-x nanoparticles were about 2–4 nm, and the contents of Pt atom in the catalyst were
35%, 44%, 65%, 75% and 93%, respectively. It was found that catalytic activity of AB hydrolysis was
related to the composition of PtxNi1-x catalyst and Pt0.65Ni0.35 nanoparticles have the highest catalytic
activity. The activity of the synthesized PtxNi1-x catalyst was better than that of pure Pt or Ni catalyst.
The TOF value and the Ea of the reaction were 4784.7 mL min−1 g−1 and 39.0 KJ/mol. Gao M et al. [112]
prepared monodisperse PtCu alloy NPs and explored the action of their catalysts for hydrolysis AB
under mild condition. Among different composition PtCu NPs, the Cu50Pt50 NPs as optimum catalyst
demonstrated the highest catalytic performance with an initial TOF of 102.5. These experimental results
exhibited that the validity of partly replacing Pt by a first-row transition metal on designing superior
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property heterogeneous nanocatalysts for AB hydrolytic. Chen et al. [113] designed Pt-WO3 double
active site catalyst to boost the catalytic hydrolysis of AB. Figure 9 showed the hydrolysis mechanism of
AB on Pt double activity. Pt-WO3/CNT could significantly improve hydrogen production activity and
durability, which was attributed to the double active center of Pt-WO3 and the sacrifice site of WO3.

−

Figure 9. A Proposed Mechanism for Ammonia Borane Hydrolysis over Pt-WO3 Dual Metal Sites;
copyright (2020), Elsevier.

Transition metal nanoparticles are widely applied in the hydrolysis AB [114,115]. However, in the
catalytic process, metal particles can aggregate to form clumps, which will lead to the inactivation of
catalyst, the existence of instability and low efficiency [116]. In order to avoid the influence of low
repetition rate, the nanoparticle’s catalyst was prepared by using magnetic powder as the catalyst active
metal carrier so as to become the magnetic separable catalyst in the liquid phase reaction, which can
enhance the rate of catalysts utilization [117–119]. Hence, Akbayrak S et al. [120] reported three metal(0)
nanoparticle catalysts formed by loading ruthenium(III), rhodium(III) and palladium(II) onto magnetic
carriers of iron coated with carbon(C-Fe) at room temperature as transition metal nanoparticles for
hydrolysis of AB, M0/C-Fe NP(M=Ru, Rh and Pd). Using the XPS, energy dispersive X-ray detector
(EDX), TEM techniques, the results of tests showed that Rh0/C-Fe (0.45% wt. Rh), Ru0/C-Fe (1.59% wt.
Ru) and Pd0/C-Fe (2.0% wt. Pd) nanoparticles gave TOF of 83, 93 and 29 min−1, respectively. In the
repeatability tests, M0/C-Fe remained premier activity even after hydrolysis reactions, as shown in
Figure 10. In this review, M0/C-Fe nanoparticles revealed outstanding reusability and activity.

Zhou Q et al. [121] prepared nanoporous ruthenium (NP-Ru), which was consisted of an
interconnected nanoscaled ligament by one-step mild etching of RuAl alloy. NP-Ru showed high
catalytic activity at room temperature and had a long life to hydrolyze AB. In addition, it was found
that even after five runs, NP-Ru still had excellent reusability and recyclability, and its original catalytic
activity was 67%. Wei Z et al. [122] proposed a simple method for preparing CoRu nanoalloy catalysts
(CoRu@N-C) by encapsulating the alloy material into carbon layer. With this strategy, CoRu nanoalloy
catalysts could effectively prevent the alloy from accumulating in the corrosive medium and facilitate
the catalytic reaction on the surface. Moreover, CoRu@N-C exhibited excellent sustainability and high
catalytic performance for hydrolysis of AB.

It has been dedicated to the exploration of bimetallic catalysts for AB catalytic
dehydrogenation [123–127]. A variety of bimetallic catalysts have better catalytic performance
than single metal catalysts, however, the catalytic efficiency of AB as a hydrogen storage candidate
is still far from meeting the needs of practical applications. Au-containing hybrid materials have
received great attention from scholars due to their unique synergy. For example, the contact between
Au NPs and metal oxides improved the high catalytic activity of inert gold [128–131]. Introducing
Au clusters into vulnerable parts or subsurface of Pt and Pt-TM nanocatalysts greatly improved the
electrochemical stability of the catalyst [132–135]. By introducing Au into the Pt-TM nanocatalysts, it was
reasonable to speculate that it has superior catalytic performance for AB catalytic dehydrogenation.
Zhai et al. [136] succeeded in obtaining a PtAuCo trimetallic nano-alloy with a single-phase structure
through a sequential digestion and reduction strategy. Figure 11 illustrated the formation mechanism
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of single-phase PtAuCo trimetallic alloy catalyst. In order to evaluate the performance of the catalyst
for AB hydrolysis, they tested the activity of the prepared PtAuCo nanocatalyst with single metals
(Pt, Au, Co) and bimetals (Pt85Au15, Pt86Co14, Au@Co) based on 298 K. As shown in Figure 12a,b,
the activity of bimetallic nanocatalysts was better than that of single metal nanoparticles. Moreover,
the reinforcement of the nanoalloy structure was superior to that of the core-shell structure. Pt85Au15

and Pt84Co16 have almost the same metal ratio, nevertheless, the TOF value of the former (~137 mol H2

min−1 (mol metal) −1) was much higher than the latter (~66 mol H2 min−1 (mol metal)−1), indicating
that the activity enhancement efficiency of Au was very high. Figure 12c,d showed that when about
10% of Pt in Pt84Co16 was replaced by Au to form a Pt76Au12Co12 trimetallic nanoalloy, the hydrogen
evolution reaction of AB was completed within 36s and the TOF value was increased to 450 mol H2

min−1 (mol metal)−1. In all synthetic samples, Pt76Au12Co12 showed the best catalytic performance
for the catalytic hydrolysis of AB. In addition, they used XPS technology to systematically measure
the trimetallic catalysts with different compositions and corresponding monometallic and bimetallic
counterparts, in order to explore the underlying mechanism. The results exhibited that the main reason
for the excellent catalytic performance of Pt76Au12Co12 catalyst was the modified electronic interaction
and enhanced charge transfer ability.

Figure 10. Hydrogen evolution plots (mmol H2/mmol AB vs. time) for the first and fifth run of
hydrolysis starting with (a)Rh0/C-Fe NPs; (b) Ru0/C-Fe NPs; (c) Pd0/C-Fe NPs at 25.0 ◦C; copyright
(2020), Hydrogen Energy.
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Figure 11. Fabrication strategy of the PtAuCo trimetallic alloys; copyright (2020), American
Chemical Society.

− −

− −

− −

Figure 12. (a,c) Plots of time vs. H2 generation and (b,d) the corresponding TOF value of the AB
hydrolysis reaction at 298 K catalyzed by (a,b) the monometallic (Pt, Au, Co) and bimetallic (Pt85Au15,
Pt86Co14, Au@Co) catalysts and (c,d) the trimetallic catalysts of different composition; copyright (2020),
American Chemical Society.

In summary, according to numerous literatures, the hydrolysis of noble metals for the
dehydrogenation of AB revealed excellent activity. However, the defects of noble metals have
restricted their widespread adoption. It is worth noting that the combination of noble metals and
non-precious metals to form a supported catalyst can not only settle the resource shortage of precious
metals, but also reduce the material cost [137–139]. Furthermore, the supported catalysts greatly
improve the catalytic capacity of AB due to adjust the electronic structure and surface geometry to
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adjust the catalytic performance [140–142]. Therefore, the supported catalysts of AB catalytic hydrolysis
are the focus of research and development in the future.

3.3. Catalytic Activities of Supported Metal Catalysts in NH3BH3(AB) Hydrolysis

On the basis of the metal catalyst, by loading the metal particles on the support, the dispersion of
the metal particles is improved, and the hydrogen release rate is significantly increased [143]. Due to its
porous structure, the carrier materials increase the specific surface area between the metal nanoparticles
and delay the formation of impurities on the nanoparticles, ultimately preventing the agglomeration of
the nanoparticles [144]. The supports commonly used are graphene, carbon, carbon nanotubes (CNT),
silicon, cerium, titanium [145–150].

3.3.1. Graphene Material Supported Metal Catalysts

Graphene is a single-atom honeycomb lattice-like carbon material with a surface area of 2600
m2 g−1 [151]. In addition, it is suitable for supporting materials based on the characteristics of high
mechanical strength, excellent electrical conductivity [152], outstanding thermal stability and chemical
stability [153]. Through burdening metal nanoparticles on graphene, it can prevent its polymerization
and improve its catalytic activity. In this way, in addition to increasing the superficial area of the
catalysts, the accelerated charge transfer at the graphene metal interface is also conducive to promote
catalytic activity [154]. Nowadays, there were a lot of literatures about the application of graphene
loaded metal catalysts in AB hydrolysis. Chemical derived graphene (CDG) was synthesized by
reduction of graphene oxide with hydrazine hydrate and used as the carrier of palladium nanoparticles
(Pd NPs) [145]. By advanced analytical technology, Pd NPs keeping particle size dispersion and stability
loaded onto CDG was used as catalyst for AB dehydrogenation and hydrolysis. Using CDG-Pd as a
catalyst, the AB dehydrogenation and hydrolysis hydrogen production processes were tested, and it
was found that CDG-Pd had high activity in both dehydrogenation and hydrolysis reactions. Figure 13
showed the graph of the molar H2/mol AB ratio with time during the catalytic dehydrogenation and
hydrolysis of 2.0 mmol AB solution in taking advantage of CDG-Pd catalyst (2.1% wt Pd) at 25 ◦C.
Under existence of CDG-Pd catalyst, the dehydrogenation of AB produced one equivalent of hydrogen,
while the hydrolysis of AB produced three equivalent of hydrogen. In the presence of CDG-Pd catalyst,
the calculated values of AB for the initial TOF of dehydrogenation and hydrolysis were 170 h−1 and
933 h−1, respectively (Figure 13). These values were comparable to the AB dehydrogenation and
hydrolysis catalyst system. In addition to its high activity and stability, CDG-Pd was also found to be a
reusable catalyst in dehydrogenation and hydrolysis. After the 5th and 10th runs, the hydrolysis of AB
remained its initial activity of 85% and 95%, respectively, which made CDG-Pd have broad application
prospects in noble metals to be used as a catalyst to develop an available portable hydrogen production
system employing AB as a solid hydrogen storage and release material.

Ked et al. [155] reported a new type of high-efficiency catalyst for the hydrolysis of AB to
produce hydrogen by embedding Pt-Co nanoparticles in nanoporous graphene sheets. In order to
expound the formation mechanism of Pt-Co@PG catalyst, Figure 14 showed the steps of preparing
Pt-Co NP aggregated on nanoporous graphene (PG) sheets, which included two important steps:
preparing nanoporous graphene sheet by carbothermal metal oxide etching method, and then uniformly
embedding Pt-Co nanoparticles into plane and holes defects. They studied the catalytic properties of
Pt-Co bimetallic NPs supported in nanoporous graphene (Pt-Co@PG) and the catalytic dehydrogenation
performance in AB aqueous solution. It was critical important to study the preparation of NP embedded
in porous graphene and the synergistic effect between them. They used prepared nanoporous graphene
loaded pure Pt NP, pure Co NP and Pt-Co NP to catalyze the hydrolysis of AB (1.5 mmol, 6 mL),
respectively. Figure 15a displayed the amount of hydrogen produced during the process of hydrolytic
dehydrogenation using the prepared PtxCo1-x@PG NP. Obviously, pure PG had no catalytic activity for
AB hydrolysis, and the hydrogen release rate of Pt-Co@PG NPs was much higher than that of pure
Co@PG NPs, which indicated that Pt was a more effective element for AB hydrolysis. The catalytic

75



Catalysts 2020, 10, 788

mechanism of Pt-Co bimetallic NPs could be attributed to the synergistic effect of Co and Pt, which was
triggered by the charge interaction between Pt Co NPs and PG carrier and the reduced particle size
(providing rich active sites) [156]. Therefore, in the catalysis of Pt Co bimetallic NPs heterogeneous
reaction, the catalyst with the best ratio of Pt and Co showed the highest catalytic activity. Pt0.1Co0.9@PG
achieved the best performance, which had obvious high catalytic activity to release hydrogen in three
minutes hydrolysis AB, with TOF value as high as 461.17 molH2 min−1 molPt

−1. As shown in Figure 15b,
compared with the bare Pt0.1Co0.9 catalyst and the reduced graphene oxide supported Pt0.1Co0.9

catalyst, supporting function of nanoporous graphene had been clearly demonstrated. Recent studies
showed that the enhanced catalytic activity of graphene supported metal nanoparticles was attributed
to the interface interaction between metal nanoparticles and graphene materials [33]. The nanoporous
graphene sheet provided more edges related to the presence of pores and more anchoring agents
to stabilize Pt-Co nanoparticles with uniform dimensions. The simple synthesis, excellent catalytic
performance revealed that the Pt-Co@PG nanohybrid material was a promising candidate material for
the development of highly efficient and portable AB hydrogen production system.

 

Figure 13. The mol H2/mol H3NBH3 versus time plots for the dehydrogenation and hydrolysis of AB
catalyzed by CDG Pd (2.1% wt Pd); copyright (2012), Elsevier.

 

Figure 14. Mechanism of Pt-Co@PG catalyst preparation; copyright (2017), Elsevier.
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Figure 15. (a) Hydrolysis of aqueous NH3BH3 solution under ambient atmosphere catalyzed by pure
Pt@PG NPs, pure Co@PG NPs and Pt-Co@PGNPs with different ratios; (b) hydrolysis of aqueous
NH3BH3 solution catalyzed by Pt0.1Co0.9 NPs, Pt0.1Co0.9@GO NPs and Pt0.1Co0.9@PG; copyright
(2017), Elsevier.

3.3.2. Carbon Material Supported Metal Catalysts

Due to these performance that the modified surface chemistry [60] (such as defects and oxygen
groups), texture characteristics (such as aperture), outstanding thermal conductivity and resistance
to acid and alkaline environment [157], scholars are keen on exploiting carbon-based materials as
catalyst carriers. Carbon is a good maintaining material because it has excellent interaction with metal,
chemical inert structure and easy to produce various forms and porosity [158]. The metal catalysts
distributed on the carbon support are mostly employed in the hydrolysis of AB. Lu et al. [146] prepared
ultrafine homogeneous Ru nanoparticles on phosphorus-doped carbon(PPC) carriers to synthesize
Ru/PPC catalyst through in-situ reduction method. Figure 16 illustrated procedure for preparing of
PPC and Ru3+/PPC. The Ru/PPC material could be utilized as catalyst to promote the hydrolysis of
AB to produce hydrogen. In order to investigate the effect of Ru loading on the property of Ru/PPC
catalyst, the hydrolysis of AB was carried out with different Ru content (1.5, 2.5, 3.5, 4.5 wt%) at 25
◦C by maintaining the total concentration of Ru at 0.7 mM. It could be seen from the experimental
results that Ru/PPC with a load of 3.5 wt% displayed the highest catalytic capacity with TOF value of
413 mol H2 (molRu min)−1. Ru concentration also affected the performance of the catalyst. With the
increased of Ru concentration (between 0.3 and 0.9 mM), the hydrogen production rate was increasing
gradually. The high activity of AB hydrolysis on Ru/PPC was attributed to the super refinement and
high dispersion of Ru NCS, which provided more surface active centers for the reaction. This review
showed that the PPC had promising catalyst support for hydrogen generation from AB hydrolysis.

−

−

−

Figure 16. The procedure for preparing Ru3+/PPC and the hydrolysis of AB over Ru/PPC; copyright
(2018), Hydrogen Energy.
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On the other side, the performance of surface charge distribution and energy storage/release
can be regulated and ameliorated by doped miscellaneous elements [159]. The catalyst of porous
carbon material containing B, N, P heteroatoms reveal excellent catalytic performance in AB hydrolysis
reaction [160,161]. So far, the method of doping nitrogen or phosphorus in carbon materials is that
additional N or P sources (NH3, PH3) are required during the material preparation process [162].
The existing preparation process is cumbersome and dangerous to a certain extent, and it is rare to obtain
N, P co-doped nanoporous carbon directly from existing and frequently used materials. Therefore, it is a
challenge to develop a practical, valid and single technique for preparing multi-element doped (such as
N, P) nanoporous carbon. Herein, Fan et al. [163] explored a simple and effective method for preparing
N, P-doped nanocarbon as metal nanoparticles (MNP), in which N or P doped carbon as MNP carrier
enhanced the catalytic activity of AB decomposition. They chose adenosine triphosphate (ATP) as the
ideal material for N-rich and P-rich raw materials due to the high content of N and P provided by an
adenine structure and three phosphate groups. Consequently, they utilized ATP-derived N, P co-doped
carbon materials to fix Rh NPs in porous carbon for the catalytic dehydrogenation of AB. As shown
in Figure 17, ATP-C was prepared from ATP via a one-step heat treatment procedure. ATP-C-700,
ATP-C-800, ATP-C-900 were synthesized to explore the effect of temperature on surface area and pore
size. It was worth mentioning that the specific surface area and average pore diameter of ATP-C-800
were the largest, 154.2 m2 g−1 and 6.83 nm, respectively. According to the above results, 800 ◦C was
taken for the optimal carbonization temperature. The TOF of Rh/ATP-C-800 catalyst hydrolyzing AB
at 25 ◦C was 566 mol H2 min−1 (mol Rh)−1, which was higher than that of RH based catalyst reported
in most reports [164–166]. This proves the fact that the surface metal atoms and heteroatoms are
connected to each other, and the carbon material doped with heteroatoms will change the catalytic
performance of the catalyst, thereby increasing the dehydrogenation rate. [167]. Thus, they speculated
that the role of ATP-C enrichment of N and P atoms not only disperses Rh NPs and resides in the
aggregation of metal NP, but also makes Rh NP have more accessible surface active sites.

Figure 17. Illustration of the synthesis process of Rh/ATP-C; copyright (2020), Nanoscale Advances.

Carbon dots (CDs) has various structures, low price, easy doping (including N, B, s, P, etc.) and
non-toxic. CDs are called excellent catalyst supports due to their special electron transfer properties
and high specific surface area [168]. Their surfaces have many catalytically favorable positions and
can support a variety of surface functional groups (such as -NH2, -OH and -COOH). CDs doped with
heteroatoms are conducive to adsorb hydrogen intermediates through transforming the electronic
structure of the catalytically active center [169]. It is essential to promote catalytic performance, that
is, by accelerating the intermolecular electron transfer to enhance the influence of the interaction
between multi-component nanostructures. Lu et al. [170] prepared RuP2 nanoparticles doped with
nitrogen CDs as a catalyst for AB hydrolysis reaction, called RuP2/CDs. The RuP2/CDs nanocomposites
were successfully prepared by simple physical mixing of CDs, phytic acid and ruthenium ions.
Figure 18 illustrated the preparation process of RuP2/CDs nanocomposites. In view of characterization
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and testing of catalytic performance, a simple synergistic mechanism could roughly explain the
catalytic performance of this composite material. Firstly, AB molecules were adsorbed on RuP2

NPs, which activated the breaking of B-H and O-H bonds; secondly, adjacent C and N atoms could
simultaneously activate water to promote the transfer of protons from RuP2 to the water inside the
carbon nanosheets. The mechanism of hydrogen production by AB was that the dissociated H atoms
in the B-H bond of AB molecules could combine with protonated water molecules to form hydrogen
molecules. RuP2 NPs and nitrogen-doped CDs could act as bifunctional active sites, activating AB and
water molecules, thus, significantly accelerating the release of hydrogen. In addition, the nanosheets
morphology of CDs further increased the catalytic activity of hydrogen production by strengthening
the utilization rate of active centers.

 

Figure 18. Illustration of the synthesis of the RuP2/carbon dots (CDs) nanocomposites; copyright 2020,
American Chemical Society.

3.3.3. Carbon Nanotubes Material Supported Metal Catalysts

CNT is a new kind of honeycomb lattice graphene layer, whose outer diameter ranges from 1 to 100
nm [171]. According to the number of graphene layers, carbon nanotubes can be single-wall (SWCNT)
and multi-wall (MWCNT) [172]. Carbon nanotubes are very attractive as catalyst carriers because they
have a high surface area and provide a high proportion of nanoparticles. Moreover, the contact surface
between the reactant and the active region is greatly increased [173]. Their mesoporous structure is
suitable for increasing the mass transfer rate between the reactant and the active center, so it has a
significant impact on the catalytic activity [174].

Recently, except for engineering the surface chemistry of CNT support, adding surface ligands
could be another potential strategy to engineer metal electronic properties owing to its flexible capacity
for demand of stability [60]. Along this line, Fu W et al. [175] proposed a new strategy to engineer the
surface of catalysts and electronic properties of Pt/CNT using polyoxometalates (POMs) as the ligands
in 2019. They designed three types of POMs including silicotungstic acid (STA), phosphotungstic acid
(PTA) and molybdphosphoric acid (PMA), respectively, which were established and analyzed by a
combination of kinetic and isotopic analyses with various characterization techniques. It could be
obviously showed in Figure 19 that the rate of hydrogen generation was extremely sensitive to the
kinds of POMs following the order of STA-Pt/CNT > PTA-Pt/CNT > Pt/CNT > PMA-Pt/CNT, with the
STA-Pt/CNT having the highest rate of production hydrogen, which indicated the promotion effects
of STA on the catalytic reaction. According to all characterization techniques, the analytic results
indicated that the STA compared to the PTA and the PMA acted as a good receptor to increase the
binding energy of Pt in order to improve hydrogen production efficiency and catalyst durability. From
these experiment consequences, choosing POMs based on their electron-absorbing/donating properties
was of vital importance to adjust the electronic nature of catalysts.
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Figure 19. (a) Hydrogen generation volume as a function of time; (b) the initial hydrogen generation
rate (rinitial) over Pt/CNT, silicotungstic acid (STA)-Pt/CNT, phosphotungstic acid (PTA)-Pt/CNT and
molybdphosphoric acid (PMA)-Pt/CNT catalysts. Reaction conditions: 30 ◦C, nPt: nAB: nW/Mo =

1:420:40, mcat = 0.025 g, cAB = 0.01gmL−l; (c) ink as a function of 1/T; (d) the corresponding activation
energy (Ea) and the logarithm of pre-exponential factor (ln A); (e) hydrogen generation volume as a
function of time at 30 ◦C over the four catalysts using H2O or D2O as the reactant; copyright (2020),
Journal of Energy Chemistry.

Akbayrak S et al. [173] reported the in situ formation of ruthenium (0) nanoparticles supported
on MWCNT catalyst during AB hydrolysis at room temperature. Ru (III) ions were impregnated on
MWCNT surface from aqueous solution of Ru(III) chloride, and then reduced by AB to form multi
walled carbon nanotubes, referred to as Ru(0)@MWCNT. The results showed that Ru nanoparticles were
well dispersed on the walls of carbon nanotubes in the range of 2.0–3.0 nm. They used Ru(III)@MWCNT
sample with various Ru loading (0.73, 1.47, 1.91, 2.26, 2.83 wt%) to provide the same ruthenium
concentration. The catalytic activity of Ru(0)@MWCNT with Ru loading of 1.91 wt% Ru was the
highest at 25 ◦C. As the further increase of Ru loading, the catalytic activity of Ru(0)@MWCNT
decreases, which was probably due to the agglomeration of nanoparticles, resulting in the decrease
of specific surface area and accessibility of active sites. It was expected that the catalytic activity of
Ru(0)@MWCNTs was still 41% of its initial catalytic activity even after the fourth operation. The easy
preparation and high catalytic performance of Ru(0)@MWCNT revealed that the Ru(0)nanoparticle
catalyst supported on MWCNTs was a promising catalyst for the development of efficient and portable
hydrogen production system.

3.3.4. Silicon Dioxide Material Supported Metal Catalysts

In recent years, metal nanoparticles in porous silica shell have attracted people’s attention because
of the possibility of obtaining nano scale monodisperse particles [176]. The obtained core-shell structure
can fully prevent the aggregation of metal nanoparticles through the protection of porous silica shell,
so as to improve the stability of metal nanoparticles and the long-term use performance of metal
nanoparticles [143].

The core-shell metal NPs not only have the characteristic of heterogeneous metals, but also
present distinct chemical and physical performances [177,178]. Moreover, it is particularly noted that
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a one-pot reduction technology is indeed required to prepare the core-shell heterometallic catalyst.
Hu J et al. [148] reported a one-pot synthesis of core-shell-type nanospheres Pt@SiO2, which displayed
excellent stability and performance after recycle test for hydrogen generation from AB at room
temperature. The detailed measurement and characterization of the nanoparticles were carried out
through SEM and TEM techniques. As shown in Figure 20a, The SEM image shown that the average
diameter of the prepared Pt@SiO2 was 25 nm, and the particle size was uniform. The monodisperse
spherical morphology of Pt@SiO2 could make further efforts to be affirmed by TEM images. It was
found in Figure 20b that a single Pt NP as a core with a diameter of 4 nm was availably embedded in
the silica nanospheres. Pt@SiO2 NPs and Pt/SiO2 were investigated for their catalytic activity in AB
hydrolysis at room temperature. The results were shown in Figure 21a that the hydrogen precipitation
was completed in 7.72, 55.98 and 111, in existence of as-synthesized Pt@SiO2, Pt/SiO2 and Pt Nps,
respectively. Moreover, the hydrogen production rate of AB was Pt@SiO2 > Pt/SiO2 >Pt > SiO2.
Among all the catalysts, Pt@SiO2 emerged the highest catalytic activity for generation hydrogen in AB
aqueous solution while the TOF value can reach 158.6 mol H2 (mol Pt min)−1. Compared with other
core-shell catalysts, Pt-based nanocatalysts had higher catalytic activity in the same reaction. In the
whole reaction process, after five times of operation, the catalytic activity of Pt@SiO2 NPs catalyst did
not decrease significantly owing to the metal core covered by the silicon shell as Figure 21b shown,
which exhibited the excellent stability of the nucleocapsid structure catalyst. In NP-5/cyclohexane
reverse micelle system, Ru@SiO2 core-shell nanospheres were successfully prepared [69]. The results
of TEM and EDX exhibited that with the increase of Ru loading, the amount of RuNP in SiO2 spherical
particles increased. At room temperature, the synthesized Ru@SiO2 catalyst had excellent catalytic
activity and good durability for the aqueous solution of the AB. The activation energy of Ru@SiO2

was estimated to be about 38.2 KJ/mol, which was lower than that of many different Ru-based and
other noble metal catalysts for the hydrolysis of AB, indicating that these core-shell nanospheres had
excellent catalytic performance.

 

→

Figure 20. (a) SEM, (b) TEM images of Pt@SiO2; copyright (2015), Elsevier.

 

→

Figure 21. (a) Plots of the volume of hydrogen generation from AB (100 mM, 10 mL) hydrolysis as a
function of time catalyzed by Pt@SiO2, Pt/SiO2, Pt and SiO2 at 25 ◦C, respectively; (b) recyclability of
Pt@SiO2; copyright (2015), Elsevier.
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Platinum based catalysts have attracted considerable attention according to higher hydrogen
generation activities among the transition metal catalysts [179]. Ye et al. [180] synthesized a supported
catalyst SiO2@Pt@NGO, in which nanometer graphene oxidem (NGO) was coated with a layer of 1 nm
and the average size of the supported Pt nanoparticles was 1.9 nm (Figure 22). Through the experimental
comparative analysis, the activity and stability of AB hydrolyzed hydrogen production would be
improved by the increased content of NGO. The enhanced catalytic performance of SiO2@Pt@NGO
could be attributed to the synergistic effects among NGO, Pt nanoparticles and SiO2, especially the
modified electronic structure of Pt nanoparticles by NGO coating.

→

Figure 22. Illustration of the formation process of SiO2@Pt@NGO; copyright (2017), Sustainable Energy
and Fuels.

3.3.5. Cerium Dioxide Material Supported Metal Catalysts

Transition metal nanoparticles tend to aggregate to larger particles, which eventually lead to
shorter lifetime. However, reducible oxide supports such as cerium (CeO2) combined with metal
nanoparticles have high activity in many reactions [181–183]. Cerium oxide has cerium (III) defect,
which is easy to form due to its favorable large positive reduction potential of Ce4+→ Ce3+ (1.76 v [184]
in acid solution). Under the catalytic reaction conditions, the two oxidation states of cerium(IV)
and cerium(III) can be mutually converted, that is, cerium oxide can be redox cycled in an aqueous
solution [185]. The formation of cerium(III) causes excessive negative charges to accumulate on the
surface of the oxide, which enhances the coordination between metal(0) nanoparticles and the oxide
surface, thus enhancing the catalytic activity through more favorable substrate metal interaction [186].
Therefore, ceria has been used to improve the catalytic performance of transition metals through
strong metal-support interactions, especially electron-rich post-transition metal nanoparticles [187–189].
Therefore, more and more attention has been paid to cerium as a support material to stabilize the
anti-aggregation of metal nanoparticles. Tonbul’s group [149] reported the preparation, characterization
and catalytic application of palladium(0) nanoparticles supported on cerium, Pd0/CeO2. Palladium(II)
ion impregnated on the surface of nanospheres with an average particle size of 25 nm were reduced to
Pd0/CeO2 by sodium borohydride, which was used as a catalyst for hydrogen generation from the
hydrolysis of AB [190]. The high catalytic activity of Pd0/CeO2 was attributed to the reducibility of
cerium, that is to say, two kinds of cerium(IV) and cerium(III) transformed each other under catalytic
reaction. The formation of cerium(III) led to the accumulation of excessive negative charges on the
oxidation surface, which enhanced the ligand interaction between the metal nanoparticles and the
oxidation surface. Pd0/CeO2 samples with Palladium loading capacity of 1.18 wt% exhibited the
highest activity in AB hydrolysis at room temperature.

Özkar et al. [70] prepared rhodium (0) nanocatalyst with cerium (CeO2), silicon (SiO2), alumina
(Al2O3), titanium (TiO2), zirconia (ZrO2) and hafnium (HfO2) as carriers for the hydrolysis of AB under
the same conditions, and then investigated the influence of various oxygenate carriers on the catalytic
activity of rhodium boron nanoparticles in the hydrogen produced by AB hydrolysis. It was easy to see
from the figure description in Figure 23 that in the tested catalyst, rhodium (0) nanoparticles supported
on nanoceria revealed the highest catalytic activity in the hydrogen produced by the hydrolysis of AB at
room temperature. The resulting Rh0/CeO2 with a metal loading of 0.1 wt% Rh had excellent catalytic
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activity for the hydrogen production from hydrolysis of AB with TOF of 2010 min−1. Rh0/CeO2 was a
reusable catalyst that retained 67% of its initial catalytic activity, even after the fifth use of hydrogen
produced by the hydrolysis of AB at room temperature (TOF = 1350). Rh0/CeO2 was a very attractive
catalyst for hydrogen generation due to its simple preparation and high catalytic activity as a solid
hydrogen storage material.

−

Figure 23. Comparison of TOF (turnover frequency in mol H2/(mol Rh × min)) values of rhodium
nanoparticles supported on different oxides at (a) high and (b) low rhodium loadings of catalysts used
in hydrogen generation from the hydrolysis of ammonia borane (10 mL,100 mM) at 25.0 ◦C; copyright
(2016), Elsevier.

Heterogeneous catalytic liquid phase selective hydrogenation is widely used in chemical synthesis
in industry. However, active nanoparticles (such as Pd) have high conversion and selectivity, especially
under mild conditions, while preventing aggregation/leaching [191]. Li et al. [192] prepared CeO2

nanotubes/Pd@MIL-53 (Al) sandwich structure catalyst to solve these problems, in which MIL-53 (Al)
porous shell can effectively stabilize Pd nanoparticles. The CeO2 nanotubes/million Pd-53(Al) were
synthesized under mild conditions without any surfactant or carrier surface modification, as shown in
Figure 24. Compared with CeO2 nanotubes/Pd and Pd/MIL-53 (Al), due to the promotion effect of
CeO2 and the enrichment/sieving effect of MIL-53(Al), CeO2 nanotubes/Pd@MIL-53(Al) exhibited the
highest catalytic performance in terms of conversion rate and selectivity.

 

Figure 24. Illustration of the formation of CeO2 nanotube/Pd@MIL–53(Al); copyright 2020, Wiley.

3.3.6. Titanium Dioxide Material Supported Metal Catalysts

The specific surface area of porous titanium dioxide is between 10–300 m2/g, which can be used
as a carrier to avoid the diffusion problem in porous materials [193]. In recent years, people pay more
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and more attention to the research of titanium dioxide as precious metal carrier material, because its
chemical stability, interesting optical, antibacterial and catalytic properties, titanium dioxide has been
widely used in the fields of filler, catalyst carriers and photocatalysts [194,195].

Akbayrak S et al. [150] reported that nanotitanium supported ruthenium (0) nanoparticles as
catalysts for AB hydrolysis to produce hydrogen. Ru(0)/TiO2 exhibited high catalytic activity in
hydrogen generation from the hydrolysis of AB its TOF value showing as high as 241 min−1 at room
temperature. This catalytic activity was due to the dispersion of small nanoparticles on the large
outer surface of TiO2 nanoparticles. Ru(0)/TiO2 was reusable catalysts, because it provided complete
hydrolysis of AB generating three mol H2 per mole of AB in the third run, but the catalytic activity
had no significant change. Furthermore, Ru(0)/TiO2 was a long-life catalyst, which could provide
71,500 cycles of hydrogen production by hydrolysis of AB at 25.0 ◦C. M. Rakap et al. [196] prepared
Pd-activated TiO2-supported Co-Ni-P ternary alloy catalyst (Co-Ni-P/Pd-TiO2) by chemical deposition
method. Cobalt based catalysts were more active and expensive than nickel based catalysts in the
hydrolysis of AB. In order to obtain a cheap catalyst with activity around the pure cobalt catalyst,
they prepared alloy catalysts by changing the cobalt nickel ratio, and tested their catalytic activity in
AB hydrolysis. Figure 25 showed that there are alloy type catalysts with different cobalt nickel ratio in
the time curve of hydrogen volume generated by hydrolysis of AB solution. As seen from Figure 26,
Co-Ni-P/Pd-TiO2 catalyst revealed good durability in recycling. Even in the fifth cycle, it exhibited
the same catalytic activity as the first cycle. Co-Ni-P/Pd-TiO2 catalyst had the advantages of high
efficiency, low cost and reusability, which made them a promising candidate in the hydrolysis of AB to
produce hydrogen.

  

Figure 25. Plot of the volume of H2 (mL) versus time (min) for the hydrolysis of AB (31.8 mg,
50 mM) catalyzed by Co-Ni-P/Pd-TiO2 catalysts (25 mg) with different compositions; copyright (2010),
Hydrogen Energy.
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Figure 26. Reusability tests of the Co-Ni-P/Pd-TiO2 catalyst in the hydrolysis AB (31.8 mg, 50 mM);
copyright (2010), Hydrogen Energy.

4. Direction of Development

Ammonia borane is a potential candidate material owing to its unique properties, which has the
advantages of high theoretical hydrogen capacity, good solubility, stability, environmental safety, etc.
The aqueous solution of AB is very stable at room temperature, but in the presence of a metal catalyst,
AB can quickly liberate hydrogen from water. The catalysts for AB hydrolytic dehydrogenation are
principally transition metal nanoparticles, including noble metal and non-precious metal catalysts.
The noble metals are mainly Pd, Pt, Ru, Rh, while the non-precious are mainly Cu, Fe, Ni and Co.

Noble metals have always displayed outstanding catalytic performance in the catalytic hydrolysis
of AB on the basis of existing literature reviews. However, in the practical application, due to the
limited precious metal resources and high price, the cost of hydrogen production keeps increasing,
which limits the mass production and application of noble metals. In terms of non-precious metals, as
abundant resources and low price transition metal, have also been experimentally attested certain level
of catalytic capacity for dehydrogenation of AB [197,198]. It has been proved by many related studies
that the performance of the catalyst is largely determined by the phase composition, microstructure
and surface morphology of the bimetallic or multimetallic catalyst [199–201]. The coordination of
electron configuration and geometry among metal components and the effective coordination can make
the bimetal or polymetal composites with stronger catalytic capacity [202–205]. In order to highlight
the advantages of noble metals and non-precious metals, we reviewed the bimetallic or polymetallic
composite catalysts formed by noble metals and non-precious metals. Therefore, the low-cost and
effective catalysts composed of precious metals and non-noble metals are worthy of expectation and
further intensive study [102]. In addition, we also explore the catalytic effect of noble metal catalysts
supported on various support materials for AB hydrolysis. It was found that the supported catalysts
can significantly increase the rate of hydrogen evolution under the support of the carriers. Therefore,
it is particularly important to find and investigate suitable carriers.

On the other hand, the lattice irregularity is closely related to the catalytic activity and the metal
surface properties such as chemisorption and electron transfer. To make ammonia borane hydrogen
production widely used, the efficient catalyst can be explored from the aspects of adjusting the degree
of chemisorption and electron transfer between catalyst and molecule of AB. It is believed that with
the continuous efforts of researchers, metal-catalyzed hydrogen production from AB will be more and
more in practical applications.

At present, the biggest challenge in the research of AB hydrogen storage is how to realize efficient
regeneration and recycling. Although some evolution has been developed in allusion to recycling of
AB from the by-products of pyrolysis, alcoholysis and hydrolytic dehydrogenation, respectively, in this
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regard, the regeneration yield of AB still needs to be further improved and studied. Compared with
the large number of studies on the decomposition of AB to produce hydrogen, there are few studies
on the regeneration of AB. Therefore, the regeneration of AB will be the key research direction in the
future. In addition, the current market price of ab is relatively expensive, so it is significant to develop a
technology suitable for large-scale industrial production of AB in the future, so as to effectively reduce
the cost of using AB as hydrogen storage material.

5. Conclusions

Currently, with the continuous progress of science and technology, the consumption of fossil
energy causes a serious of environmental problems, thus the development of efficient and clean energy
has attracted more and more attention to replace traditional fuels. Hydrogen, as an ideal energy carrier,
plays the main representatives role in the field of future new energy. Ammonia Borane, being not only
hydrogen storage but hydrogen production, is considered as a potential hydrogen storage material on
account of its high theoretical hydrogen content, environmental friendliness, good cycling performance
and excellent stability. We analyzed and compared the advantages and disadvantages of three AB
decomposition methods, including pyrolysis, alcoholysis and hydrolysis. In these ways of producing
hydrogen, compared with alcoholysis, producing many by-products, and pyrolysis under the high
temperature condition, hydrolysis has obvious advantages. Nowadays, the research on the hydrolysis
of AB primarily focuses on the synthesis of simple catalysts with high stability and good cycling ability,
which provides the possibility for the practical application of AB. Furthermore, we explored the effects
of using carbon, graphene, carbon nanotubes (CNT), silica, ceria and titanium supported catalysts on
the hydrolytic dehydrogenation of AB. Simultaneously, the activity, reusability and turnover frequency
(TOF) value of these catalysts for AB dehydrogenation reaction were introduced, and the future
development prospects of precious metal catalysts were prospected.
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Abstract: Nowadays, we face a series of global challenges, including the growing depletion of
fossil energy, environmental pollution, and global warming. The replacement of coal, petroleum,
and natural gas by secondary energy resources is vital for sustainable development. Hydrogen
(H2) energy is considered the ultimate energy in the 21st century because of its diverse sources,
cleanliness, low carbon emission, flexibility, and high efficiency. H2 fuel cell vehicles are commonly
the end-point application of H2 energy. Owing to their zero carbon emission, they are gradually
replacing traditional vehicles powered by fossil fuel. As the H2 fuel cell vehicle industry rapidly
develops, H2 fuel supply, especially H2 quality, attracts increasing attention. Compared with H2 for
industrial use, the H2 purity requirements for fuel cells are not high. Still, the impurity content is
strictly controlled since even a low amount of some impurities may irreversibly damage fuel cells’
performance and running life. This paper reviews different versions of current standards concerning
H2 for fuel cell vehicles in China and abroad. Furthermore, we analyze the causes and developing
trends for the changes in these standards in detail. On the other hand, according to characteristics of
H2 for fuel cell vehicles, standard H2 purification technologies, such as pressure swing adsorption
(PSA), membrane separation and metal hydride separation, were analyzed, and the latest research
progress was reviewed.

Keywords: hydrogen energy and fuel cells; impurity; hydrogen purification

1. Introduction

Energy resource depletion and global warming are severe challenges of our modern
society. The transportation industry plays an essential role in energy consumption and
greenhouse gas emissions. According to the International Energy Agency (IEA), it was
responsible for 29% of global energy consumption in 2017 and 25% of global carbon
dioxide emission in 2016 [1]. Hydrogen (H2) fuel cells provide zero pollutant discharge.
The authorities in many countries have strongly supported the production of fuel cell
vehicles, and this initiative will inevitably become the future developmental direction in
the automotive industry. The USA was the first country that set H2 energy and fuel cells as
a long-term energy strategy. There were 5899 fuel cell vehicles in the USA by the end of
2018 [2]. Concerning the promotion of H2 fuel cell vehicles, Japanese and South Korean
companies were pioneers in large-scale mass production, successfully launching various
mass-produced vehicles, such as Toyota Mirai, Honda Clarity, and Hyundai Nexo [3]. Since
then, four automobile group alliances have gradually been formed, including Daimler,
Ford, and Renault–Nissan, General Motors and Honda, Bayerische Motoren Werke (BMW)
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and Toyota, and Audi and Hyundai. The alliances invested joint effort in developing
H2 fuel cell vehicle technologies, and accelerated their commercialization. The Shanghai
Automotive Industry Corporation of China launched the fourth fuel cell vehicle using
a Roewe 950 vehicle with a 400 km driving range without refueling, demonstrating its
capacity for small-scale production [4].

H2 fuel cells mainly include phosphoric acid fuel cells (PAFCs), molten carbonate
fuel cells (MCFCs), solid oxide fuel cells (SOFCs), alkaline fuel cells (AFCs), and proton-
exchange membrane fuel cells (PEMFCs) [5]. PEMFCs are dominant since they possess a
high power density, low-temperature start, and compact structure, representing an ideal
power source for H2 fuel cell vehicles. On the other side, PEMFCs require high-purity H2.
Otherwise, the fuel cell performance and running life may be severely affected [6]. Cur-
rently, H2 production technologies, such as coal gasification, natural gas steam reforming,
methanol reforming, and water electrolysis, are very well established in China [7]. Accord-
ing to statistical data from the China Hydrogen Alliance and China National Petroleum
and Chemical Planning Institute, the current H2 production capacity in China is approx-
imately 41 million tons/year, with a yield of 33.42 million tons. Specifically, the yield
of H2 as an independent component (synthetic gas not containing H2), which meets the
quality standards of H2 for industrial use and can be directly sold as industrial gas, is
about 12.7 million tons/year. Among these, the H2 yield produced from coal is the highest
(21.24 million tons), accounting for 63.54%, followed by H2 produced from by-product
gas (7.08 million tons), natural gas (4.6 million tons), and electrolyzed water (0.5 million
tons). However, the H2 contributions from supercritical steam coal [8], photocatalytic
water decomposition with solar energy [9], and biological H2 production [10] are still in the
research and developmental stage (Table 1). Different raw materials yield large differences
in the composition and impurity contents of H2 produced using various technologies. Thus,
efficient H2 purification technologies that enable the removal of impurities from H2 and
provide high-qualify H2 for fuel cell vehicles are of the utmost importance for developing
the H2 fuel cell vehicle industry.

Table 1. Emerging H2 production methods.

H2 Production Method Technical Feature

H2 production from supercritical steam coal

In this technology, supercritical water [namely,
temperature and pressure are at or above the
critical values (374.3 ◦C and 2.1 MPa)] is used
as a medium that provides a homogeneous and
high-speed reaction because of its special
physical and chemical properties, so that the
chemical energy of coal is directly and
efficiently converted into hydrogen energy [8].

H2 production from water photocatalytically
decomposed by solar energy

Photocatalyst powders or electrodes can
produce photo-generated carriers by absorbing
solar energy, so they decompose water into H2
and O2. The photocatalytic H2 production can
be subdivided mainly into heterogeneous
photocatalytic (HPC) H2 production and
photo-electrochemical (PEC) H2 production [9].

Biological H2 production

H2 is a product of microorganisms’ metabolism
using biomass and organic wastewater as raw
materials. Based on the type of
microorganisms and their metabolic
mechanisms, the biological H2 production
technology includes water splitting H2
production, photo-fermentative H2 production,
dark fermentative H2 production, and H2
production combined with photo-fermentation
and dark fermentation [10].
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To support large-scale applications of H2 energy in the transportation field, novel and
high-efficient purification technologies for the production of low-cost and high-quality H2
should be urgently developed. In this study, the characteristics of standard H2 purification
technologies, such as pressure swing adsorption (PSA), membrane separation and metal
hydride separation, were analyzed. Research progress was reviewed according to the
characteristics of H2 for fuel cell vehicles. To further improve the separation efficiency, it is
necessary to continuously conduct studies on the novel and highly selective adsorption
materials, long-lasting and low-cost membrane materials, anti-poisoning metal hydride
materials with a low regeneration energy consumption, as well as new separation and
coupling processes based on the materials mentioned above.

2. H2 Standards for Fuel Cell Vehicles

The International Organization for Standardization (ISO) issued the ISO 14687-2:2012
standard in 2012, and the Society of Automotive Engineers (SAE) issued the SAE J2719-
201511 standard in 2015, presenting the same requirements for H2 quality for PEMFCs.
Until 2019, China was following the GB/T 3634.2-2011 Hydrogen Part 2: Pure Hydrogen,
High-Pure Hydrogen, and Ultrapure Hydrogen standard. However, this standard was
aimed at industrial H2 use, limiting the impurity content only partly, without specific
regulations on other impurities that may affect H2 fuel cells’ performance. Therefore, by
the end of 2018, China set the GB/T 37244-2018 Fuel Specification for Proton Exchange
Membrane Fuel Cell Vehicles—Hydrogen standard, which was in line with ISO 14687-
2:2012 and SAE J2719-201511 standards, regulating the concentration of fourteen impurities:
water (H2O), total hydrocarbon (HC) (by methane), oxygen (O2), helium (He), nitrogen
(N2), argon (Ar), carbon dioxide (CO2), carbon monoxide (CO), total sulfide (by H2S),
formaldehyde (HCHO), formic acid (HCOOH), ammonia (NH3), total halide (by halide
ions), and maximum particulate matter. The PEMFC technology was remarkably improved,
e.g., a lower Pt usage, thinner electrolyte membrane, and higher operating electric current
density and lower humidity, so it is necessary to reconsider the previously set impurity
limit in H2. The ISO technical committee for H2 energy, IOS/TC 197, issued the ISO
14687:2019 standard in November 2019, combining and revising three H2 fuel cell-related
standards, namely, ISO 14687-1, ISO 14687-2, and ISO 14687-3. Meanwhile, according to
the ISO 14687:2019 standard, the SAE issued the SAE J2719-202003 standard in March 2020,
extending the limit of CH4, N2, Ar, and HCHO impurities. Table 2 shows the requirements
for the impurity content in H2 for fuel cells, including previous and new standards in
China and abroad.

Table 2. Requirements for the impurity content in H2 for fuel cells in previous and new standards in China and abroad.

Component
GB/T 3634.2-2011 ISO 14687-2:2012

SAE J2719-201511
GB/T 37244-2018

ISO 14687:2019
SAE J2719-202003Pure H2 High Pure H2 Ultrapure H2

H2 purity (mole fraction) 99.99% 99.999% 99.9999% 99.97% 99.97%
Total non-hydrogen gases - 10 ppm 1 ppm 300 ppm 300 ppm

H2O 10 ppm 3 ppm 0.5 ppm 5 ppm 5 ppm
Total HC (by methane) - - - 2 ppm -

Non-methane HC (by C1) - - - - 2 ppm
Methane 10 ppm 1 ppm 0.2 ppm - 100 ppm

O2 5 ppm 1 ppm 0.2 ppm 5 ppm 5 ppm
He - - - 300 ppm 300 ppm

N2 and Ar - - - 100 ppm -
N2 60 ppm 5 ppm 0.4 ppm - 300 ppm

Ar
Agreed by
supply and

demand

Agreed by
supply and

demand
0.2 ppm - 300 ppm

CO2 5 ppm 1 ppm 0.1 ppm 2 ppm 2 ppm
CO 5 ppm 1 ppm 0.1 ppm 0.2 ppm 0.2 ppm
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Table 2. Cont.

Component
GB/T 3634.2-2011 ISO 14687-2:2012

SAE J2719-201511
GB/T 37244-2018

ISO 14687:2019
SAE J2719-202003Pure H2 High Pure H2 Ultrapure H2

Total sulfide (by H2S) - - - 0.004 ppm 0.004 ppm
HCHO - - - 0.01 ppm 0.2 ppm

HCOOH - - - 0.2 ppm 0.2 ppm
NH3 - - - 0.1 ppm 0.1 ppm

Total halide (by halide ion) - - - 0.05 ppm 0.05 ppm
The concentration of

maximum particulate matter - - - 1 mg/kg 1 mg/kg

3. The Impact of Impurities on Fuel Cells

As shown in Table 1, compared with H2 for industrial applications, the requirements
for H2 purity for fuel cells are not high. Still, the impurity content is strictly controlled,
determined by fuel cells’ structure and operating characteristics. For instance, even a low
CO content may cause irreversible damage to the performance and running life of fuel
cells. Table 3 shows the impact of excessive impurities on fuel cells.

Table 3. Impact of impurities on the performance of fuel cells.

Impurity Damage Induced by Excessive Impurities

H2O
H2O can transport water-soluble impurities, such as Na+ and K+,
and reduce the membrane proton conductivity. Excessive H2O
induced corrosion of metal parts [11].

HC
Most HCs adsorbed onto the catalyst layer will decrease catalytic
performance. Methane does not pollute fuel cells, but it dilutes
H2 and hampers performance [12].

O2
O2 in specific concentrations negatively affects the performance
of metal hydride, a type of H2 storage material [11].

Inert gas Dilution and diffusion of He, Ar, and N2 in H2 decrease the
electric potential of fuel cells [13].

CO2

CO2 has a dilution effect on H2. CO2 in high concentrations can
be converted into CO through a reverse water gas shift reaction,
thereby leading to catalyst poisoning [14].

CO
CO closely binds to the active site of Pt catalysts, decreasing the
effective electrochemical surface area used for H2 adsorption
and oxidation [15].

Sulfide

The adsorption of sulfides on the active catalyst sites prevents H2
adsorption on the catalyst surface. The adsorbed sulfides react
with Pt catalysts to form stable Pt sulfides, irreversibly degrading
the fuel cell performance [16].

HCHO and HCOOH HCHO and HCOOH are adsorbed on catalysts to form CO,
thereby leading to catalyst poisoning [17].

NH3

NH4
+ can reduce the proton conductivity of the ionic polymer.

NH3 adsorbed on the surface of the catalyst blocks the
active sites [18].

Halide

Halide adsorbed on the catalyst layer decreases the superficial
area of catalysts. Chloride ions are deposited in the fuel cell
membrane by forming soluble chlorides, leading to the Pt
catalyst’s dissolution [19].

Particulate matter
Particulate matters adsorbed on the active site of catalysts of fuel
cells prevent the H2 adsorption on the catalyst surface, blocking
the filter and destroying the full cell components [20].
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4. H2 Purification Technology

H2 purification technology is a crucial link from H2 production to H2 utilization.
Stable, reliable, and low-cost H2 sources represent a base for large-scale applications of fuel
cell vehicles. Thus, high-efficient and low-power H2 purification technologies for fuel cell
vehicles play an underlying role in the development of the H2 energy industry.

A fuel cell power system can operate efficiently only if high-quality H2 is provided.
H2 produced in coal gasification, natural gas reforming, by-product H2, or from water
electrolysis, is collectively referred to as crude hydrogen. It cannot be directly used for fuel
cell vehicles without purification according to the existing standards. The composition of
different types of crude H2 is listed in Table 4. The H2 purification methods can be mainly
classified as physical and chemical methods [21]. The former include adsorption methods
[PSA, temperature swing adsorption (TSA), and vacuum adsorption], low-temperature
separation methods (cryogenic distillation and low-temperature adsorption), and mem-
brane separation methods (inorganic membrane and organic membrane), while the latter
involve a metal hydride separation and catalysis method (Figure 1). The selection of an
appropriate H2 purification method is closely related to the hydrogen supply mode and
gas source. For H2 production by centralized large-scale coal gasification and natural
gas reforming with an H2 supply amount ≥10,000 Nm3/h, PSA purification is primarily
adopted after transformation, desulfurization, and decarbonization. The PSA technology
has been around for a while, and is characterized by low operation costs and a long service
life. However, the H2 for fuel cell vehicles produced via traditional PSA with a standard
impurity content results in a decreased recovery rate and yield. It is also not cost-efficient
due to low requirements for specific impurity removal (e.g., CO ≤ 0.2 ppm). Cryogenic
distillation is also applicable to large-scale production, but standard H2 purity is 85–99%,
which does not satisfy the application requirements. For H2 production by centralized
by-product mode with an H2 supply of 1000–10,000 Nm3/h, versatile processes should be
applied based on different impurities to improve the H2 recovery efficiency. For example,
an organic membrane combined with a PSA process is used for obtaining methanol purge
gas, while a two-stage or multi-stage PSA process is adopted for obtaining coke oven gas
and by-product gas from the refinery. Concerning such small-scale on-site distributed H2
production scenarios, with the H2 supply ≤ 1000 Nm3/h and vehicle H2 supply, tradi-
tional PSA separation shows the disadvantages of large floor area, inflexibility, and low
adaptability. Hence, low-temperature adsorption, metal hydride, and metal membrane
separations are available processes according to the types and amounts of impurities.
Low-temperature adsorption can effectively eliminate multiple impurities, such as sulfide,
HCHO, and HCOOH. However, it requires high energy consumption, and it is a complex
process suitable for special small-scale and cold source applications [22]. Metal hydride
separation and palladium (Pd) membrane separation methods are reasonably effective
in separating gas sources with a high content of inert components. At the same time,
their inherent disadvantage is that purified materials react with impure gas during the
H2 recovery, reducing the purification efficiency [23]. New membrane technologies, such
as carbon molecular sieve membranes (CMSMs) [24], ionic liquid membranes [25], and
electrochemical H2 pump membranes [26], are currently hot spots in scientific research.
However, their industrial-scale implementation is still hard to foresee.

Table 4. Composition of different types of crude hydrogen.

Component (%) H2 CO CO2 CH4 N2 Ar
Total

Sulfur
H2O O2 Others

Coal gasification [27] 25–35 35–45 15–25 0.1–0.3 0.5–1 - 0.2–1 15–20 - -
Natural gas reforming [28] 70–75 10–15 10–15 1–3 0.1–0.5 - - - - -
Methanol reforming [29] 75–80 0.5–2 20–25 - - - - - - -

Coke oven gas [30] 45–60 5–10 2–5 25–30 2–5 - 0.01–0.5 - 0.2–0.5 2–5
Methanol purge gas [31] 70–80 4–8 5–10 2–8 5–15 0.1–2 - - - -

Synthetic ammonia tail gas [32] 60–75 - - - 15–20 - - 1–3 10–15 -
Biomass gasification [33] 25–35 30–40 10–15 10–20 1 - 0.2–1 - 0.3–1 -
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Figure 1. Classification of hydrogen purification technologies.

4.1. PSA Methods

Gas separation and purification by PSA are implemented by periodical pressure
changing based on the difference in the adsorbent capacity for different gases. The PSA
separation effect primarily depends on the type of adsorbent and the technical process used.
H2 significantly differs from the majority of gas molecules, such as CO2, CO, and CH4, in
terms of static capacity, so it is very suitable for PSA separation and purification [34]. Air
Product, Air Liquid, and other renowned global gas companies, are already established
and very successful examples for the industrial application of H2.

Traditional adsorbents include zeolite molecular sieves, activated carbon, activated
alumina, and silica gel. Modifications and innovations of these adsorbents were re-
ported in regard to different impurities, and most of the studies focused on CO2 removal.
Lively et al. [35] used hollow fibers as an adsorbent to investigate the CO2 removal in
PSA experimental devices. The purity of the obtained H2 was 99.2% pure, with a recovery
rate of 88.1%, and this needs to be optimized. Shamsudin et al. [36] increased the H2
purity to about 100% and the recovery rate to 88.43% via the strong CO2 absorption of
palm shell charcoal. He et al. [37] reported a structured activated carbon system applied to
rapid PSA (RPSA) using a dip-coated Ni foam framework. Under the working conditions
of 0.4 MPa and 200 mL/min, the adsorption rate constant K was 0.0029 s−1, which was
about two times higher than that of traditional adsorbents. The material exhibited a better
CO2 adsorption effect in H2. Moreover, Kuroda et al. [38] applied hydroxyl aluminum
silicate clay (HAS-Clay) to purify the H2 produced by biomass, and found a relatively high
adsorption selectivity to CO2. This adsorbent is also applicable for the adsorption and sep-
aration of H2S. Metal-organic frameworks (MOFs) are recently developed materials with
easily adjustable structures and properties, and they are ideal novel adsorption materials.
Agueda et al. [39] utilized UTSA-16 as an adsorbent to remove the CO2 impurities, and
simulated the PSA process of the steam methane reforming of tail gas. The results revealed
a H2 purity up to 99.99–99.999%, a recovery rate of 93–96%, and a yield of 2–2.8 mol/kg/h.

Researchers are trying to develop novel adsorbents for the simultaneous removal of
multiple impurities in H2. Brea et al. [40] synthesized a raw material NaX molecular sieve
within CaX and MgX molecular sieves using an ion-exchange method. They conducted
an adsorption simulation for the H2/CH4/CO/CO2 gas mixture and showed that these
three adsorbents could yield H2 with a purity higher than 99.99%. The CaX molecular
sieve application exhibited the highest recovery rate and yield of H2. Besides this, Banu
et al. [41] compared the performances of four kinds of MOF adsorbents (UiO-66(Zr), UiO-
66(Zr)-Br, UiO-67(Zr), and Zr-Cl2AzoBDC) and discovered that UiO-66(Zr)-Br had the
best purification effect on H2 produced via methane steam reforming. Relvas et al. [42]
prepared a novel Cu-AC-2 adsorbent to process the H2/CH4/CO/CO2 gas mixture. The
H2 purity exceeded 99.97%, while the CO content declined to 0.17 ppm, reaching the H2
standards required for fuel cell vehicles.

104



Catalysts 2021, 11, 393

The improvement and optimization of the PSA process are crucial ways to increase the
H2 purification efficiency. The flow scheme of the classical PSA system is shown in Figure 2.
Ahn et al. [43] used a two-bed PSA and a four-bed PSA to recover H2 from coal gas with
N2 as a major impurity. The four-bed PSA process’ performance was superior to that of
the two-bed PSA process, yielding a H2 purity of 96–99.5% and a recovery rate of 71–85%.
Abdeljaoued et al. [44] established a four-bed PSA theoretical model and performed a
twelve-step four-bed PSA experiment at room temperature. They investigated the removal
of impurities from H2 produced by ethanol steam reforming for fuel cell vehicles. Further
optimization was expected to increase the H2 recovery rate above 75%, providing a CO
concentration lower than 20 ppm. Moon et al. [45] investigated the eight-bed PSA process.
Considering that a H2 purity of 99.99%, the highest H2 recovery rate was 89.7%, which was
approximately 11% higher than that of a four-bed PSA process. Moreover, Zhang et al. [46]
established the five-step one-bed and six-step two-bed PSA cycle models, and compared
them in terms of purity, recovery rate, and yield of H2. The recovery rate and the yield
of the two-bed PSA process were 11% and 1 mol/kg/h, respectively, higher than those
of the one-bed PSA process. Li et al. [47] explored the effects of adsorption pressure,
adsorption time, and P/F ratio on PSA. They designed a six-step two-bed PSA process
for the purification of H2 produced by methane steam reforming, and the produced H2
exhibited a purity and a rate of more than 99.95% and 80%, respectively. When the CH4
concentration in impurities was high, it was necessary to increase the adsorption pressure
to ensure the purity of the H2. Yáñez et al. [32] developed a four-bed PSA device with a
5 Å molecular sieve as an adsorbent for purification of H2 from synthetic ammonia tail gas
(H2:N2:CH4:Ar = 58:25:15:2). It was indicated that the H2 purity was up to 99.25–99.97%,
while the recovery rate was 55.5–75.3%.

Figure 2. Flow scheme of the classical pressure swing adsorption (PSA) system.

The improvement of process flow based on conventional PSA is an important research
direction for increasing the H2 purity and recovery rate. Vacuum PSA (VPSA) can forcibly
desorb impurities with a strong adsorption capacity from adsorbents via vacuum pumping
in order to regenerate adsorbents. You et al. [48] showed that the VPSA and PSA could
produce H2 with a similar purity level under the same conditions, but the recovery rate
was increased by about 10% during VPSA. Besides this, Lopes et al. [49] performed an
experiment on rapid VPSA (RVPSA), and the results illustrated that RVPSA was able to
improve the H2 yield by nearly 410% compared with PSA. Golmakani et al. [50] conducted
a comparative study on PSA, VPSA, and TSA processes, and discovered that the VPSA
process could yield the H2 for fuel cell vehicles with a reasonable cost-efficiency and
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recovery rate, proposing it as the best option among the three investigated processes.
Furthermore, Golmakani et al. [51] established a sixteen-step four-bed VPSA model. They
studied the influence of N2 on the process’ performance so as to enhance the recovery rate
of H2 produced by VPSA and decrease the energy consumption.

Many novel PSA devices are currently in the development or implementation phase for
different impurities and H2 utilization demands. Thus, Air Products [52] has investigated
and developed a novel PSA device, named Sour PSA, to capture the acidic impurities, such
as CO2 and sulfides, in H2. Majlan et al. [53] designed a compact PSA (CPSA) system
with a rapid circulation rate to provide H2 continuously without the need for adsorbent
regeneration. Moreover, it could reduce CO concentration in the H2/CO/CO2 gas mixture
from 4000 to 1.4 ppm, and the CO2 concentration from 5% to 7 ppm, yielding H2 with a
purity of 99.999%. Zhu et al. [54] proposed a seven-step two-bed elevated-temperature
PSA (ET-PSA) system to separate the feed gas CO/CO2/H2O/H2 under proper conditions.
In this way, H2 with a purity of 99.9991% and a recovery rate of 99.6% was obtained. As
such, the system was applicable to the removal of CO and CO2 from H2. A summary of
the PSA technology is shown in Table 5.

Table 5. Summary of PSA technology.

Adsorbent Process Flow Feed Gas H2 Purity
H2 Recovery

Rate
Reference

Hollow fiber sorbent RCPSA CO2:H2 = 25:75 99.2% 88.1% [34]
Palm kernel shell
activated carbon Two-column PSA CO2:H2 = 15:85 About 100% 88.43% [35]

UTSA-16 Four-column PSA Steam methane reforming
off-gas 99.99–99.999% 93–96% [38]

CaX zeolite Four-column PSA H2:CH4:CO:CO2 =
75.89:4.01:3.03:17.07 +99.99% 69.6% [39]

Cu-AC-2 Four-column PSA H2:CO2:CH4:CO = 70:25:4:1 +99.97% +75% [41]
Activated

carbon/zeolite 5A Four-bed PSA H2:CO2:CH4:CO:N2 =
38:50:1:1:10 96–99.5% 71–85% [42]

Activated carbon Twelve-step
four-column PSA CO:CO2:CH4:H2 = 1:25:5:69 99.999% +75% [43]

Activated
carbon/zeolite LiX Eight-layered bed PSA H2:CO2:CO:N2:Ar =

88.75:2.12:2.66:5.44:1.03 99.99% 89.7% [44]

Activated
carbon/zeolite 5A

Six-step layered
two-bed PSA

H2:CH4:CO:CO2 =
72.9:3.6:4.5:19 +99.95% +80% [46]

5A zeolite Four-column PSA H2:N2:CH4:Ar = 58:25:15:2 99.25–99.97% 55.5–75.3% [32]
Activated carbon CPSA H2:CO:CO2 = 94.6:0.4:5 99.999% - [52]

Potassium-promoted
layered doubleoxide

Two-column
seven-step ET-PSA CO:CO2:H2O:H2 = 1:1:10:88 99.9991% 99.6% [53]

4.2. Membrane Separation Methods

As an emerging gas separation technology, membrane separation has the advantages
of flexible and simple operation, compact structure, low energy consumption, and envi-
ronmental friendliness. In the membrane separation technology with a perm-selective
membrane as a separation medium, the raw material components can selectively perme-
ate the membrane under the action of driving forces (pressure difference, concentration
difference, and potential difference), thereby achieving separation and purification [55].
The performance of membrane materials is the most critical factor determining the H2
separation and purification effects of the membrane. Commonly used membrane materials
primarily include metal and polymer membranes, and novel membrane materials, such
as nanomaterial membrane, CMSM, and MOF membranes, may exhibit preferable sepa-
ration performance. Therefore, the performance of these membrane materials in the H2
purification is analyzed and evaluated below.
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4.2.1. Metal Membranes

H2 is catalyzed to protons and electrons on the compact structure of metal membranes.
The protons pass through the metal membrane and bind electrons on the other side to form
H2 again. However, the metal membrane blocks CO2, N2, CH4, and O2 gas molecules,
thereby achieving the selective permeation of H2. Pd membranes are currently the most
commonly used metal membranes, due to their excellent H2 permeability, and their high
resistance to H2 fluidity and auto-catalytic hydrogenolysis reactions [56]. However, the Pd
membrane is related to high manufacturing costs, and it is prone to H2 embrittlement at a
low temperature.

A Pd alloy membrane can be formed by adding other metal elements (Ag, Au, Cu, Ni,
Y, etc.) into the Pd membrane to solve the H2 embrittlement problem, enlarge the Pd lattice,
and increase the H2 permeation rate at the same time. Nayebossadri et al. [57] studied
the performance of H2 in natural gas separated by Pd, PdCu53, and PdAg24 membrane
materials at different concentrations. They found that the H2 permeability of the PdAg24
membrane is better than that of the other two membranes. Zhao et al. [58] prepared
a bilayer bcc–PdCu alloy membrane by the alternative electrodeposition of Pd and Cu
on a ceramic support membrane. The membrane exhibited excellent low-temperature
tolerance and H2 permeability, and it is a candidate membrane material for H2 separation
at ambient temperature.

Both pure Pd membranes and Pd alloy membranes are self-supporting membranes.
Their thickness is limited from several tens to several hundreds of micrometers to assure
sufficient mechanical strength. When the membrane thickness is too high, it increases the
total cost and lowers the H2 permeation rate. As such, it is possible to deposit a Pd mem-
brane or a Pd alloy membrane on the surface of a porous material to prepare a supported Pd
composite membrane. The support increases the mechanical strength of the Pd membrane
and decreases the Pd amount and membrane thickness, which is beneficial to the total cost
and the H2 permeation rate, as described above. Kong et al. [59] deposited a nanoscale
Pd membrane on polybenzimidazole-4,4′-(hexafluoroisopropylidene)-bis(benzoic acid)
(PBI-HFA) using the vacuum electroless plating (VELP) technique. The novel Pd/PBI-HFA
composite membrane completely prevented CO permeation and exhibited good H2/N2
and H2/CO2 selectivity. Kiadehi et al. [60] deposited a NaY molecular sieve and a Pd
membrane on porous stainless-steel substrates. The permeation of the H2 and N2 mix-
ture into the prepared Pd/NaY/PSS composite membrane was tested, showing that the
membrane’s H2/N2 selectivity was 736 at 450 ◦C. Moreover, Iulianelli et al. [61] prepared a
supported Pd70-Cu30/γ-Al2O3 thin membrane using the metal vapor synthesis method.
The membrane showed H2/N2 and H2/CO2 selectivity of 1800 and 6500, respectively, at
400 ◦C and 50 kPa. Huang et al. [62] used natural mineral Nontronite-15A as a surface
coating material of porous Al2O3 to prepare a Pd/Nontronite-15A/Al2O3 membrane,
lowering the production cost compared to other composite membranes that provide high
H2 permeability.

The permeation ability of Pd H2 is not the strongest among metals. It has been
recently indicated that vanadium group metals, V, Nb, and Ta, have different bcc lattice
structures, higher H2 permeability and mechanical strength, and weaker H2 dissociation
and adsorption ability than Pd [63]. However, a compact oxide layer forms on the surface,
preventing H2 permeation. As a result, the H2 permeation rate of the thin membrane
is not very high, although vanadium group metals have a strong lattice H2 permeation
ability. Besides this, these metals are more susceptive to H2 embrittlement than Pd. A
useful approach toward this problem was depositing an extremely thin Pd layer plated
on both sides of the vanadium group metals to form symmetric composite membranes. In
that way, the H2 adsorption and dissociation ability of the Pd membrane was combined
with the H2 permeation ability of the vanadium group metals, lowering the total cost.
Dolan et al. [64] prepared a Pd-coated vanadium membrane with a tubular structure, and
this revealed a high H2 permeability and stability, suitable for H2 separation for fuel cell
vehicles. Fasolin et al. [65] applied high-power pulse magnetron sputtering technology to
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prepare a Pd/V93Pd7/Pd multilayer membrane with a total thickness less than 7 µm on the
surface of porous alumina. Besides this, research studies have demonstrated that such V-
based thin membranes have similar permeability and higher resistance to H2 embrittlement
than Pd-based membranes. Alimov et al. [66] prepared a thin-walled seamless tubular
membrane using V–Pd and V–Fe alloys. Furthermore, they manufactured a membrane
module by welding 18 membranes, which was applied to extract ultra-pure H2. Jo et al. [67]
adopted a Pd/Ta composite membrane for ammonia dehydrogenation, overcoming H2
embrittlement and producing H2 with a purity over 99.9999%, while the NH3 concentration
was reduced below 1 ppm. Additionally, they applied the Pd/Ta composite membrane to
purify H2 from the CO, CO2, H2O, and H2 gas mixture, yielding a H2 purity of more than
99.999% and a CO content of 10 ppm [68]. Budhi et al. [69] investigated the separation of
H2 from the H2 and N2 mixture using a Pd/α-Al2O3 membrane. They achieved a higher
H2 recovery rate by adjusting the feed gas flow rate to make the membrane operate under
non-steady-state conditions.

4.2.2. Polymer Membranes

The working principle of polymer membrane separation is based on the different
permeation rates of gases through the polymer membrane. Nowadays, polysulfone (PSF),
polyimide (PI), and polyamide are commonly used as polymer membrane materials [70].
An ideal polymer membrane material should possess high selectivity, permeability, thermal
stability, and good mechanical performance. However, as a rule of thumb, a highly perme-
able polymer membrane has low selectivity, and vice versa [71]. Since the trade-off between
selectivity and permeability limits the use of polymer membranes, researchers attempted
to prepare mixed matrix membranes (MMMs) by adding zeolite, silicon dioxide, CMS,
and other inorganic materials into the polymer to improve the overall performance [72].
Rezakazemi et al. [73] added 4A zeolite nanoparticles into a polydimethylsiloxane (PDMS)
substrate to prepare the PDMS/4A MMMs. The prepared MMMs experimentally ex-
hibited higher H2/CH4 selectivity and H2 permeability than the pure PDMS membrane.
Peydayesh et al. [74] introduced Deca-dodecasil 3R (DDR) zeolite into a Matrimid® 5218
PI substrate to prepare the Matrimid® 5218-DDR MMM, yielding H2 permeability and
H2/CH4 that were increased by 100 and 189%, respectively.

In addition, polymer blending could also improve the performance of polymer mem-
branes. Hamid et al. [75] synthesized a PSF/PI membrane that possessed higher H2
permeability and H2/CO2 selectivity (4.4) than a single PSF or PI membrane, with a H2
purification efficiency of 80%. Meanwhile, the PSF/PI membrane exhibited more stable
physical and chemical properties, yielding a novel polymer membrane with excellent per-
formance. Structurally, the mechanical performance and specific surface area of a hollow
fiber membrane are superior to those of a traditional plate membrane. These findings are
also used as a developmental direction of the gas separation membrane. Naderi et al. [76]
developed a bilayer hollow fiber membrane with a polybenzimidazole (PBI) and sulfonated
polyphenylenesulfone (sPPSU) mixture as an outer selection layer, and PSF as an inner
support layer. The experimental results indicated a H2 permeability in the membrane of
16.7 GPU, and a H2/CO2 selectivity of 9.7 at 90 ◦C and 14 atm. Therefore, the membrane
was suitable for H2 and CO2 separation at high temperatures.

All the polymer membranes mentioned above have very high H2 selectivity. Further-
more, researchers have developed separation membranes with CO2 selectivity to remove
CO2 from H2 efficiently. Figure 3 schematically illustrates two selective membranes. Com-
pared with the H2-selective membrane, the CO2-selective membrane requires a smaller
area during separation and generates H2 as a product in a high-pressure state, significantly
reducing the mechanical energy loss [77]. As the CO2 molecular diameter is larger than that
of H2, the polymer membranes should have a particular CO2 affinity to achieve negative
selectivity [55]. Abedini et al. [78] prepared a poly(4-methyl-1-pentene) (PMP)/MIL 53 (Al)
MMMs membrane by adding MIL 53(Al) MOF into a poly(4-methyl-1-pentene) (PMP) sub-
strate. It was experimentally indicated that the MMMs possessed higher CO2/H2 negative
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selectivity and thermal stability than pure PMP membranes. In the meantime, the negative
selectivity of MMMs was enhanced with the increase in feed pressure, and it was capable
of overcoming the Robeson upper limit. Cao et al. [79] introduced a covalent organic frame-
work (COF) into polyvinyl amine to prepare the PVAM/COF MMMs, with a CO2/H2
selectivity of 15 and a CO2 permeation rate of 396 GPU. Moreover, Salim et al. [80] prepared
novel oxidatively stable membranes containing quaternary ammonium hydroxide, fluoride,
and tetrafluoroborate using a crosslinked polyvinyl alcohol–polysiloxane substrate, with a
CO2 permeation rate of 100 GPU and CO2/H2 selectivity greater than 100, and such mem-
branes were expected to be applied to purify H2 for fuel cell vehicles. Nigiz et al. [81] added
graphene oxide (GO) into PDMS to prepare nanocomposite membranes, increasing the
CO2 permeation rate and CO2/H2 selectivity. At a GO content of 0.5% and transmembrane
pressure of 0.2 MPa, the CO2/H2 selectivity rose from 7.1 to 11.7, and the CO2 permeability
reached 3670 Barrer. Besides this, Chen et al. [77] prepared ZIF-8-TA nanoparticles using a
hydrophilic modification of ZIF-8 with tannic acid (TA). The nanoparticles were introduced
into a hydrophilic polyvinyl amine substrate to obtain an MMM. Under the feed pressure of
0.12 MPa, the CO2 permeability and CO2/H2 selectivity were 987 GPU and 31, respectively,
providing a preferable CO2/H2 separation performance.

Figure 3. Schematic representation of (a) H2-selective and (b) CO2-selective membranes.

4.2.3. Carbon-Based Membranes

Carbon molecular sieve (CMS) membranes (CMSMs) with an amorphous microp-
orous structure are the most common carbon-based membranes, usually obtained by the
carbonization or pyrolysis of polymer precursors in the inert gas or vacuum environment.
Common polymer precursors include polyimide and its derivatives, polyfurfuryl alco-
hols, and phenolic resins [55]. An in-depth exploration was conducted to improve the
permeability and selectivity of CMS membranes. Tanco et al. [82] prepared composite
alumina–CMS membranes (Al-CMSMs) with tubular porous alumina as a carrier, achieving
a H2 and CH4 separation performance considerably better than the Robeson upper limit for
polymer membranes at 30 ◦C. The H2 extracted from an H2/CH4 gas mixture possessed a
purity of 99.4%. Xu et al. [83] prepared CMSMs with ultra-high selectivity by decomposing
polyetherketone–cardo polymers at a high temperature. The reported permeability of
CMS membranes prepared by carbonization at 700 ◦C was 5260 Barrer, while the H2/CH4,
H2/N2, and H2/CO selectivity was 311, 142, and 75, respectively. When the carbonization
was performed at 900 ◦C, the H2/CH4 selectivity reached 1859.

Graphene-based membranes, as a new type of carbon-based membranes, have at-
tracted extensive attention in the gas separation field. Graphene and GO exhibit a single-
atom thickness, high mechanical strength, and good chemical stability [84]. Keeping in
mind that the membrane thickness is inversely proportional to its permeability, graphene-
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based membranes have become ideal membranes with minimum transmission resistance
and maximum permeation flux because of their ultra-low thickness. However, most
graphene-based materials do not have suitable natural pores, so they cannot be directly
used for gas separation. Therefore, to improve the gas separation performance of graphene-
based membranes, the emphasis of the research is on imparting uniformly distributed
nanopores with an appropriate size and shape and high porosity in graphene sheets [85].
By designing two dumbbell-shaped porous γ-graphene monolayers containing γ-graphyne
N2 (γ-GYN) and γ-graphyne H2 (γ-GYH), respectively, Sang et al. [86] simulated the mem-
brane performance to separate H2 from an H2, H2O, CO2, N2, CO, and CH4 gas mixture.
The γ-GYN membranes exhibited better selectivity and H2 permeability, and they could be
an ideal choice for H2 purification from the gas mixture. Silva et al. [87] proved that g-C3N4
graphene-like two-dimensional nanomaterials could effectively purify H2 from CO2 and
CH4. Theoretical analyses suggested that H2 permeability might be improved, by enlarging
the pore area by applying 2.5 and 5% biaxial strains to the membranes, without affecting
the H2/CO2 and H2/CH4 selectivity. Moreover, Wei et al. [88] used density functional
theory (DFT) to study the performance of 3N-PG and 6N-PG monolayers composed of
porous graphene (PG) membranes and nitrogen in separating H2 from the H2, CO, N2,
and CH4 gas mixture. It was also revealed that 3N-PG monolayers and 6N-PG monolay-
ers possessed better H2 permeability than PG membranes, providing a novel membrane
material for H2 purification. Sun et al. [84] studied the nano-PG (NPG) membranes and
found that the H2 permeability reached 106 GPU, which was much higher than that of
polymer membranes. At the same time, the H2/CH4 selectivity was 225, similar to that of
polymer membranes. Meanwhile, NPG membranes are more cost-efficient than polymer
membranes under the same separation conditions and purification requirements. Zeynali
et al. [89] prepared GO nanocomposite membranes on modified alumina tubes, indicat-
ing their good H2 permeability, favorable H2/CO2 and H2/N2 selectivity, and stability,
accompanied with lower costs than Pd membranes. In addition, Liu et al. [90] simulated
the reaction path of gas molecules through nano-graphene C216 and proved that H2 could
penetrate C216 membranes with a diffusion barrier of 0.65 eV. The H2 selectivity to O2, N2,
NO, H2O, CO, and CO2 was up to 1033, higher than that of PG and polymer membranes.

4.2.4. MOF Membranes

MOFs generally represent a novel class of organic–inorganic hybrid porous solid
materials with regular geometric and crystal structures. They are composed of metal ions or
metal ion clusters connected by organic connectors. Compared with other porous materials,
MOFs have the advantages of structural variability, ultra-high porosity, uniform and
adjustable apertures, adjustable inner surface properties, etc. [91]. Wang et al. [92] prepared
dense and defect-free Mg-MOF-74 membranes with MgO crystal seeds and modified them
with ethylenediamine. The results indicated significantly improved H2/CO2 separation
performance, while the H2/CO2 selectivity increased from 10.5 to 28 at room temperature.
Jin et al. [93] prepared novel CAU-10-H MOF membranes and reported their good H2
permeability. The maximum separation coefficients of H2/CO2 and H2/H2O were 11.1
and 5.67, respectively. They also found that such membranes could retain their structure
and H2 selectivity under long-term hydrothermal conditions, suggesting that they are
suitable for H2 separation in ethanol steam reforming. Liu et al. [94] synthesized a novel
heterogeneous MIL-121/118 MOF membrane. The mixed H2/CO2, H2/CH4, and H2/N2
separation coefficients were 10.7, 8.9, and 7.5, respectively, at 293K and 1 bar. The average
H2 permeability was 7.83 × 10−8 mol·m−2·s−1·Pa−1. Meanwhile, MIL-121/118 exhibited
high thermal stability and durability, showing a good application prospect.

4.3. Metal Hydride Separation Method

The metal hydride separation method refers to purifying H2 using H2 storage alloys
to absorb and desorb H2 reversibly. H2 molecules decompose into H atoms catalyzed by
H2 storage alloys by lowering the temperature and increasing the pressure. Then, metal
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hydrides are generated via diffusion, phase transition, combination reaction, and other
processes, while impurity gases are trapped among metal particles. After the temperature
is elevated and pressure is lowered, the impurity gases discharge from the metal particles,
and then H2 comes out from the crystal lattice. H2 storage alloys can be divided into
rare earth alloys, titanium alloys, zirconium alloys, and magnesium alloys based on the
type of the main element. Furthermore, they can also be classified into AB5-type alloys,
AB2-type alloys, AB-type alloys, and A2B-type alloys according to the main elements’
atomic ratio [95]. The performance of the H2 storage alloys determines the efficiency of H2
purification, so the chemical stability and tolerance of H2 storage alloys can be improved
and the influences of impurity gases can be reduced by modifying H2 storage alloys.
Dunikov et al. [96] used two kinds of AB5-type alloys to separate the H2/CO2 mixture.
They found that for the low-pressure LaNi4.8Mn0.3Fe0.1 alloy, H2 can be purified from
the mixture containing 59% H2 with a recovery rate of 94%, supporting the operation of
PEMFCs. Yang et al. [97] carried out cyclic experiments on the LaNi4.3Al0.7 H2 storage alloy
in the high CO concentration environment. The H2 storage capacity of this alloy slowly
decreased at 363 K or higher temperatures, maintaining a relatively high kinetic rate so
that it can be used for H2 separation and purification in different applications. Besides this,
Hanada et al. [98] studied the effects of CO2 on the H2 absorption performance of AB2-type
alloys to develop metal hydrides for H2 purification and storage. The results showed that
Fe and Co addition could improve the alloys’ tolerance to CO2, while Ni addition had the
opposite effect. Zhou et al. [99] found that MgH2 catalyzed by nano VTiCr easily reacted
with low-pressure H2, and is recycled in mixed gas. Therefore, the material showed H2
separation and purification potential.

4.4. Cryogenic Distillation

The principle of cryogenic distillation is to separate and purify H2 by utilizing the
difference in the relative volatility of different components in feed gases. Compared with
CH4 and other light HCs, H2 has relatively high volatility, such that HCs, CO, N2, and
other gases condense before H2 with temperature reductions [100]. This process is usually
used for H2–HC separation. The low-temperature separation method assures a high H2
recovery rate, but it is challenging to adapt the method for treating different feed gases.
As such, it is necessary to remove CO2, H2O, and other impurities from the feed gases
before the separation so as to avoid equipment blockage at a low temperature. Besides this,
high costs and energy consumption accompany the requirements for gas compressors and
cooling equipment in the actual operation. Although most impurities are liquefied at a low
temperature, some remain in the gas phase as saturated steam, so it is difficult to directly
obtain H2 that meets the purity standards of fuel cell vehicles.

5. Conclusions and Prospects

Compared with industrial H2, the purity of H2 for fuel cell vehicles is not sufficient,
although the requirements for the impurity content in H2 are stringent. According to
the existing standards, an impurity level above the limit may damage the fuel cell’s
performance. Thus, removing specific impurities is the focus of future research on H2
purification for fuel cell vehicles. PSA is a universal method that can be applied to remove
most contaminants. H2-permeable membranes are often used to remove CO, CO2, N2,
CH4, H2O, and other gas impurities, while CO2-permeable membranes enable only CO2
removal. Owing to CO, CO2, and H2O sensitivity, metal hydrides can be used to remove
N2, Ar, and other inert gases. However, all the existing H2 purification methods are limited,
and it is difficult to achieve the H2 impurity level standards for fuel cell vehicles by using
only one separation and purification method. Since there are many different H2 sources,
two or even more H2 purification technologies should be adopted.
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Abstract: The growing demand for energy production highlights the shortage of traditional resources
and the related environmental issues. The adoption of bioalcohols (i.e., alcohols produced from
biomass or biological routes) is progressively becoming an interesting approach that is used to restrict
the consumption of fossil fuels. Bioethanol, biomethanol, bioglycerol, and other bioalcohols (propanol
and butanol) represent attractive feedstocks for catalytic reforming and production of hydrogen,
which is considered the fuel of the future. Different processes are already available, including steam
reforming, oxidative reforming, dry reforming, and aqueous-phase reforming. Achieving the desired
hydrogen selectivity is one of the main challenges, due to the occurrence of side reactions that
cause coke formation and catalyst deactivation. The aims of this review are related to the critical
identification of the formation of carbon roots and the deactivation of catalysts in bioalcohol reforming
reactions. Furthermore, attention is focused on the strategies used to improve the durability and
stability of the catalysts, with particular attention paid to the innovative formulations developed over
the last 5 years.
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1. Introduction

The search for clean technology approaches able to assure safe and sustainable energy production
is increasingly gaining ground due to the heavy impacts of fossil fuels on the world economy (oil price
fluctuation), global warming, and human health [1,2]. An effective solution proposed to reduce the
consumption of conventional feedstocks involves the use of hydrogen as an energetic vector, which leads
to no or very low carbon emissions, as well as the release of atmospheric pollutants [3]. Steam reforming
of natural gas is the most widespread technology for hydrogen production, and applying the same
technology to new-generation (biomass-derived) fuels could offer significant energy and environmental
advantages [4]. Biomass is abundantly available in different forms. The use of biomass for energy
generation results in a neutral carbon balance; only trace amounts of sulphur and heavy metals are
present in biomass compared to fossil fuels, thus limiting the formation of harmful substances [5].
Among the available fuels produced from biomass, bioalcohols are emerging as competitive sources
for hydrogen production via reforming [6–8]. Bioalcohols (i.e., alcohols generated from biomass or
biological routes) can be produced from different feedstocks, including crops, agricultural and forestry
waste, and food waste [9]. First-generation biofuels are produced from sugar, starch, oil-bearing crops,
or animal fats. Bioethanol is mainly obtained via fermentation of sugar cane or starches, while butanol
and propanol are formed as co-products via well-established technologies [10]. Wood, agricultural
residues, forestry residues (cellulosic, hemicelluloses, or lignin), organic waste, food waste, and specific
biomass crops are the feedstocks used for second-generation bioalcohols. Bioethanol and biobutanol
can be produced via fermentation of lignocellulosic sugars via different microorganisms; for the
latter, the process is more difficult and not commercialized yet (only pilot plants are available) [11].
Ethanol and butanol can also be derived from algae (third-generation bioalcohols) [12]. Bioglycerol is
produced during biodiesel generation via transesterification of triglycerides, using vegetable oil as
the feedstock [13]. In addition, glycerol can also be generated as a by-product, along with bioethanol
(consuming up to 10% of the weight of the employed sugar) [14]. As an alternative to the conventional
approaches for methanol production (which employ natural gas or coal as feedstocks), other routes
are available, mainly involving biomass gasification [15] (including the conversion of municipal solid
waste [16], animal waste, and agriculture wastes [17]) and CO2 hydrogenation [18].

Bioalcohol conversion (denoted as X) to hydrogen can follow different routes, including steam
reforming (Equation (1)), oxidative steam reforming (Equation (2)), dry reforming (Equation (3)),
and aqueous-phase reforming (Equation (4)) [8]. Among these processes, according to the stoichiometry
of the reaction, steam reforming gives the highest hydrogen yields. However, several side reactions
may occur during reforming, which besides affecting the H2 selectivity, may also be responsible for
carbon formation and catalyst deactivation. In this regard, the addition of oxygen via the oxidative
process has been investigated as a viable route to mitigate carbon deposition [19,20]. The main
pathways favoring coke formation during reforming include the Boudouard reaction, decomposition of
carbon-containing intermediates (i.e., CH4), dehydration, and subsequent polymerization reactions [21].
The same intermediates participating in the main reactions, in fact, may also be involved in coking
pathways, while the contribution of side reactions depends on the operating conditions and the
nature of both the active metal and the selected support [22]. In particular, a high water content
and oxygen co-feeding disadvantage carbon formation [23,24], while the effect of the temperature on
coke selectivity depends on the substrate, which influences the nature of the carbon formed and the
effects of the coke gasification reactions [25,26]. In fact, it is clear that the product distribution and
contributions of coke formation reactions also depend on the chosen molecule; it was found that the
higher the number of the hydroxyl groups in a molecule, the lower the formation of CH4, while CO
selectivity was enhanced. In addition, species with longer carbon chains promote the formation of
carbonaceous deposits. In fact, the number of hydroxyl groups influences the oxygen content in the
reaction intermediates, along with their contributions to dehydration reactions [27]. The characteristics
of the coke formed (amorphous or filamentous, with possible whiskers) also change depending on
the starting substrate and the acidic–basic properties of the catalyst [28]. In particular, alcohols were
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shown to be precursors of encapsulating coke, while CO and CH4 were responsible for the formation
of filaments, whose contribution to catalyst deactivation was more pronounced [29].

CnH2n+1OH(g) + xH2O(g) ↔ nCO2(g) + (x + n + 1)H2(g) (1)

CnH2n+1OH(g) + (x− 2y)H2O(g) + yO2(g) ↔ nCO2(g) + (x + n− 2y + 1)H2(g) (2)

CnH2n+1OH(g) + zCO2(g) ↔ (n + z)CO(g) + (n + 1)H2(g) (3)

CnH2n+1OH(l) + xH2O(l) ↔ nCO2(g) + (x + n + 1)H2(g) (4)

The reforming of bioalcohols has attracted the attention of several scientists, who have proposed
different approaches to modulate catalysts’ selectivity and improve their durability, including the use of
additives and promoters (i.e., alkaline or transition metals and acidic or basic oxides) [30–32], the choice
of high surface area supports or perovskites [33,34] and core–shell catalysts [35], the development
of innovative preparation methods allowing enhanced dispersion of active species and improved
metal–support interactions [36,37], and the synthesis of solid solutions for the confinement of active
metals particles [38]. The deposition of catalysts on structured carriers (i.e., foams and monoliths)
with high thermal conductivity or on microchannel walls was also shown to prevent the deterioration
of catalytic performance due to the reduction of hot and cold spots [39–41]. In addition, the use of
fluidized bed reactors was proposed as an effective route to separate filamentous coke from catalyst
particles [42].

The present review focuses on the most recent advances to improve the stability and durability of
catalysts for the reforming processes of five alcohols (ethanol, methanol, glycerol, butanol, and propanol),
presenting a critical analysis of the main carbon formation roots for each substrate. Particular attention
is devoted to innovative formulations developed in the last 5 years, analysing the contributions of the
active phase, the support, and eventual promoters to catalyst stability. novel reactor configurations
developed to improve the performances of the considered reforming processes are also assessed.

This review article is divided into three main sections based on the alcohol used in the catalytic
process: ethanol, methanol, and glycerol. Finally, a further section focusing on butanol and propanol
reforming is presented. Each of the main sections is divided into paragraphs to highlight the effects of
the active phases, supports, and promoters. At the end of every section, a summary table is provided
to compare the catalytic performance in terms of carbon formation rates.

2. Bioethanol Reforming

During ethanol steam reforming (ESR), the main pathways responsible for coke formation are
ethanol cracking, dehydration reactions to ethylene (Equation (5)) and subsequent polymerization
(Equation (6)), and aldol condensation of acetone (Equation (7)), followed by dehydration and
oligomerization of mesityl oxide, CO disproportion (Boudouard reaction, Equation (8)), and methane
dehydrogenation (Equation (9)); ethane can also be formed and subsequently dehydrogenated [43–45].

C2H5OH→ C2H4 + H2O (5)

C2H4 → (C2H4)n → C (6)

2C2H5OH↔ C3H6O + CO + 3H2O (7)

2CO↔ CO2 + C (8)

CH4 → C + 2H2 (9)

Based on the involved mechanism, different types of carbon can be formed (monoatomic adsorbed
carbon, amorphous polymeric films, vermicular filaments, and graphitic crystalline platelets); while the
monoatomic adsorbed carbon and polymeric coke are derived from the thermal decomposition of
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hydrocarbons, metallic sites are directly involved in the formation of filamentous and graphitic
coke [46]. The crystallization of carbon coming from ethylene polymerization is favored at high
temperatures, while carbide species mainly derivate from CH4 decomposition, which can polymerize
and form amorphous carbon or carbon whiskers; finally, carbon growth during Boudouard reactions
may involve island formation [47,48]. For several transition metals (e.g., Ni, Co, Rh, Ru, Pd, Pt) [49],
discrete Fourier transform (DFT) calculations reveal that before C-C bond breaking, an intermediate
CH-CO bond is formed, which based on the reaction conditions and the nature of the metal
surface can either dehydrogenate to form solid carbon or be hydrogenated to CH4 during the C-C
rupture. For example, in the case of Ni, it was shown that elevated temperatures favor intermediate
decomposition over hydrogenation.

Ethanol reforming has been widely investigated under simulated bioethanol feeding (only
containing water and ethanol); some studies were also performed with crude bioethanol feeding
or a model mixture containing typical impurities (i.e., methanol, acetaldehyde, isopropyl alcohol,
isobutyl alcohol, isoamyl alcohol). However, in the latter case, a faster catalyst deactivation was
described. Glycerol and acetic acid are known as the major coke precursors; moreover, longer and
heavier alcohols are not easily reformed but can be dehydrated to the corresponding olefins [50].

Liu et al. [51] described the mechanism of carbon formation on Ni/CeO2 catalysts and the role of
the hydroxyls groups in suppressing carbon formation (Figure 1). During ethanol steam reforming
on the above catalysts, coke formation was mainly ascribed to the dehydrogenation of the surface
methyl groups. Ni0, in fact, was the active phase leading to both the C-C and C-H cleavages of ethanol.
In general, such methyl groups are not stable on the Ni(111) surfaces and are mostly dehydrogenated
to surface carbon and hydrogen. However, in this study, surface carbon was formed through the
generation of nickel carbides, which can also be originated from small amounts of ethoxy species
decomposing on the Ni sites to form Ni3C. Water can easily dissociate on the Ni-CeOx to form hydroxyls
groups, which together with the lattice oxygen on the surface, promote the oxidation of deposited
carbon. However, the oxygen transfer from the ceria lattice to Ni particles is an endothermic reaction
and only occurs above 470 ◦C. Thus, two competitive processes were described on the surface (carbon
deposition and its oxidation by hydroxyls); the redox nature of the support as well as the Ni-ceria
interactions are crucial to improve the oxygen transport and coke removal.
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Figure 1. Mechanism of coke formation and removal on a Ni/CeOx catalyst during ethanol steam
reforming (ESR) [51].

The rate of ethylene formation throughout ESR is related to the support acidity and the amount of
acidic sites on the catalysts’ surfaces. Figure 2 displays the positive effects of acidic surface tailoring by
the addition if Ti for a nanostructured Ni-Al catalyst [52]. Ti doping resulted in an expansion of pore
sizes, thus improving the mass transfer and the contact between catalytic sites and reactants; moreover,
the redox properties of the Ti4+/Ti3+ couple strongly influenced the catalyst selectivity.

In fact, due to the titania effect on the surface basicity, the ethylene formed via ethanol dehydration
was more stable and coke generated from the C2H4 by polymerization and carbonization was
thermodynamically less favoured and easier to decompose compared to the Ni sample containing
only alumina.
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Figure 2. Mechanism of carbon formation of Ni-Al and Ni-Al-Ti catalysts during ethanol steam
reforming [52].

For alumina-based catalysts, the beneficial effects of support modification by the addition of CeO2

or La2O3 were shown, as well as for noble metals as active species (i.e., rhodium) [53]. The presence of
low ceria loadings adds a Lewis acidity of medium strength to the CeO2-Al2O3 mixed oxide, while the
reduced carbon deposition on this support is related to the oxygen storage capacity and mobility of the
ceria. In fact, the reversible release of oxygen makes Ox (lattice oxygen) available on the oxide surface.
Carbon monoxide adsorbs on the surface, reacting with Ox and producing CO2. Moreover, the growth
of carbon fibres is hindered by CeO2, which provides extra oxygen for gasification; solid carbon can
react with oxygen lattices, further improving the yield to carbon oxides. Because CO is consumed to
generate CO2, less carbon monoxide is available to be converted to coke via the Boudouard reaction.
A different mechanism for the prevention of carbon build-up was reported for La2O3. In the presence
of lantania, carbon dioxide is subtracted to the equilibrium via the formation of La2O2CO3, which can
react with the carbon metal species in its vicinity and generate CO.

The origin and nature of coke formed over Ni/La2O3-αAl2O3 catalysts via ethanol steam
reforming were reported in a work by Montero et al. [22]. The spent catalysts were characterized by
scanning electron microscopy (SEM) analysis, which allowed the morphology of the carbonaceous
deposits to be determined (encapsulating, filamentous, and graphitic carbon). Acetaldehyde, ethylene,
and non-reacted ethanol were identified as the main coke precursors responsible for the deposition of
encapsulating coke via cracking and polymerization, while filamentous and partially graphitic coke
were derived from CH4 and CO by decomposition and Boudouard reaction. As filamentous coke is
located far from the metallic centers and is not able to cover the active sites (Figure 3), its influence
on catalyst deactivation is reduced and the main impact on the catalyst activity loss comes from the
encapsulation of active metal sites (in fact, the formation of filamentous coke caused a separation of
metal nanoparticles from the support, without covering the active metal sites).
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Figure 3. Mechanism and nature of coke formed over Ni/La2O3-αAl2O3 [22].

The first mechanism is predominant at high temperatures and with low space velocity, while the
second one is favoured at intermediate contact times, at which methane and carbon monoxide
concentrations reach a maximum; the increases of the temperature and steam-to-ethanol ratio enhance
carbon gasification, reducing the concentration of coke precursors on the surface.
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For nickel core–shell-structured catalysts, it was found that during ESR reaction, the ethanol
molecule is first dehydrogenated to acetaldehyde, which decomposes to CH4 and CO, with a subsequent
formation of carbon lumps. Conversely, if the ethanol dehydration occurs, ethylene is formed as an
intermediate, which can easily polymerise into carbon nanotubes (CNT) [54].

Co@CoOx core–shell-structured catalysts exposed to mild oxidants (i.e., H2O and CO2) during
ESR reaction suffer from stressing and collapse of the structure, with an oxidation of the CoOx core by
means of the oxygen-free radical species which are, therefore, no longer available for the gasification of
coke; for this system, carbon is mainly formed via dehydrogenation or condensation reactions [55].
Thus, sintering and formation of amorphous coke occurred. The promoting effect of ceria related to
the Ce3+/Ce4+ redox cycle assured easier mobility of the active oxygen species, prevented re-oxidation
of metallic Co particles, and at the same time allowed rapid consumption of carbonaceous species.
For sol–gel alumina-supported cobalt catalysts, it was reported that the catalytic decomposition of
ethylene on the Co sites was responsible for the formation of graphitic carbon, while amorphous coke
was derived from the polymerization of carbon coming from methane decomposition. In addition,
the influence of the CoO/Co0 ratio on the carbon growth on the surfaces of the active sites was discussed.
This ratio ruled the contribution of ethanol molecule activation and oxidation of adsorbed coke, with an
optimal value of 1:3 selected to assure adequate activity and stability of the final catalyst [56].

Oxidative steam reforming of ethanol (OSRE) has also received considerable attention due to the
role of gas-phase oxygen species, together with those components that are eventually presented as
mobile lattice oxygen, in the oxidation of carbon deposited on the catalysts’ surfaces [57,58].

For Ni-Cu bimetallic catalysts derived from hydrotalcite-like compounds, the effect of oxygen
co-feeding during ethanol steam reforming was investigated at 500 ◦C under a molar ratio of
water/ethanol/oxygen equal to 6:1:0.3. As depicted in Figure 4, O2 addition mitigated the formation of
filamentous-like coke deposits (which were observed under ESR conditions and caused the separation
of metals nanoparticles from the support); oxygen promoted water production, limiting, the adsorption
of hydrogen (thus hindering the reduction of NiO) and CO or CH4 products on nickel active sites
(which are converted to CO2 and CO). Moreover, the dissolution of gasified carbon in nickel particles
with further diffusion though the metal was mitigated, thus hampering the growth of filamentous
coke [59].
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Figure 4. Effects of oxygen addition on carbon formation during ESR for Ni-Cu catalysts derived from
hydrotalcite-like compounds [59].

The Pt-Ni/CeO2-SiO2 catalysts, tested under a reacting stream of C2H5OH/H2O/O2 = 1/4/0.5
at 500 ◦C, displayed better stability compared to the ESR measurements. The oxygen co-feeding
improved coke gasification, thus resulting in diminished accumulation of carbon on the catalysts’
surfaces; moreover, oxygen addition in the presence of the catalytic support having remarkable ionic
conductivity encouraged the oxidation of carbon-containing species, without affecting the hydrogen
production rate, which was almost the same for ESR and OSRE tests [60].

During stability tests in a fluidized bed reactor under OSRE conditions, the Pt-Ni/CeO2-SiO2

catalyst displayed only partial deactivation, and after 300 h of time-on-stream (TOS), the system
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reached a new stationary condition with no more activity decay. When a plateau was observed in the
gas product distribution, carbon deposition was measured at different time-on-stream values and no
change in coke selectivity was observed. This phenomenon, depicted in Figure 5, can be explained by
the fact that carbon deposition was not constant during the test. On the contrary, coke progressively
accumulated on the most reactive catalytic sites (involved in both reforming reactions and carbon
precursors generation). Therefore, the partial deactivation of the latter sites gradually reduced the
carbon formation rate (CFR), and under stationary conditions the net rate of the carbon formation
(i.e., the difference between coke formation and gasification) becomes equal to zero [61].

i 

Figure 5. Description of the partial activity loss observed for Pt-Ni/CeO2-SiO2 catalysts during oxidative
steam reforming of ethanol (OSRE) at 500 ◦C, where C2H5OH/H2O/O2 = 1:4:0.5 [61].

For ethanol dry reforming (EDR), the development of stable catalysts is a critical issue, especially
when stoichiometric feeds are selected, implying that no excess of CO2 is available to remove carbon
deposits; ethylene polymerization, Boudouard, and methane decomposition reactions are the main
routes for carbon deposition and for the reaction of ethanol with carbon dioxide [62]. In the presence
of supports with redox properties, the removal of coke accumulated through the above pathways is
favoured. CO2, in fact, can re-fill the oxygen vacancy of the reduced support (i.e., ceria) to form CO
and O; this atomic oxygen can be transferred towards the metal surface or the metal–support interface,
thus favouring the gasification of carbonaceous deposits [63].

Compared to gas-phase processes, aqueous-phase reforming of ethanol has rarely been investigated
in the last five years. Aqueous-phase reforming of ethanol (APRE) is carried out at temperatures
below 300 ◦C; such mild operative conditions minimize the contribution of undesirable decomposition
reactions and tend to mitigate coking phenomena (carbon formation is thermodynamically
unfavourable) [64,65]. Thus, only a few works provide information about the accumulation of
solid carbon on the catalysts’ surfaces. Zhao et al. [66] proposed a mechanism for carbon formation
over Ru-Pt/TiO2 catalysts. Ethanol conversion via reforming passes through the cleavage of the C-C
bond and the metal particle size influences the C1/C2 product ratio (larger particles assure a higher
C1/C2 ratio). The energy barriers for C-C bond breaking are reduced on sites with low coordination at
the corners and at step edges on metal surfaces. In fact, the most reactive sites (low coordination) can
be strongly linked to the reaction intermediates (CO and CHx), with a consequent hard regeneration of
the catalytic site. Carbon formation can also be linked to Boudouard reaction, methane decomposition,
ethylene polymerization, and cracking of ethane; however, CO disproportion is more likely to occur.
Despite the mechanism of APR of ethanol and the carbon formation pathways not being completely
understood, for noble metals catalysts supported on titania, it was shown that the by-products
selectivity decrease in the order of Ru > Rh > Pt > Ir [64] and that the metal particle size strongly affects
the formation of intermediate species acting as coke precursors [67].

Accordingly, in order to minimize the problem of carbon deposition, different strategies have been
proposed in the literature, including the control of the metal particle sizes and the addition of a second
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metal or promoter able to change the electronic properties of the active species, as well as modify their
interactions with the support [68–70]. In this section, the results of selected studies concerning steam
reforming, oxidative steam reforming, dry reforming, and aqueous-phase reforming of ethanol are
discussed. In the following paragraphs, bioethanol reforming with a focus on carbon formation will
be discussed based on the nature of the active phase (Section 2.1), the chosen supports (Section 2.2),
and the effects of promoters and additives (Section 2.3).

Ethanol reforming has been investigated with different noble and non-noble catalysts. Figure 6
groups the papers investigated in the present review based on the kind of active species selected.

i 

 

Figure 6. Number of considered papers as a function of the active phase analyzed for the
ethanol reforming.

Nickel is the most widely selected metal for ethanol reforming, followed by cobalt. Moreover,
among the noble metals, platinum and rhodium are most commonly selected.

2.1. The Influence of the Active Phase

In the following paragraph, the role of active species selection on catalyst stability for bioethanol
reforming is discussed. In particular, various examples related to cobalt- and nickel-based catalysts
are reported for the investigated processes, followed by the description of the performances of
noble-metal-containing catalysts, as well as copper-based catalysts.

At 500 ◦C and under stoichiometric feeding conditions, CH4 decomposition and Boudouard
reaction were shown to be responsible for the formation of filamentous coke over Co3O4/CeO2 catalysts
during ESR [71]; carbon dissolves and subsequently precipitates on the rear of the metal, warding off the
Co0 active sites from the support and leading to a loss of the Co0 active centers. However, by modulating
the cobalt loading and particle dispersion, it is possible to vary the thickness of the filamentous coke,
thus resulting in a good catalytic stability. In fact, active species dispersion and metal–support
interactions are key factors affecting catalyst resistance towards deactivation. Thus, the improved
stability of Co/CeO2 catalysts during ESR at different temperatures (400, 600, and 800 ◦C) under a
steam-to-carbon ratio of 3 compared to Ni-, Fe-, and Cu-based samples was ascribed to the strong
metal–support interactions, which contributed to maintaining the Co species in an oxidized state;
moreover, the gas–solid reactions between the hydrocarbon species adsorbed on the surface and
the oxygen groups assured an easier gasification of such species, preventing their decomposition to
coke [72]. For PtKCo/CeO2 catalysts tested during oxidative steam reforming of ethanol, only a partial
activity loss was observed and the reduced catalyst performance was ascribed to both carbon deposition
and oxidation of cobalt metallic sites [73]. Carbon filaments were bonded to the support and contain
cobalt particles at the top with the unblocked surface, not necessarily causing catalyst deactivation;

124



Catalysts 2020, 10, 665

thus, only a few metallic particles were encapsulated by carbon and no longer participated in the
reaction. In addition, non-filamentous coke (formed as a result of condensation and graphitization of
carbon-containing species chemisorbed on the catalysts’ surfaces) only covered the external surface
of the active particles, while the middle part was still accessible to the reactants. Pt addition had a
negligible effect on carbon deposition. It was also shown that the oxygen from the feeding can oxidize
the surface atoms of cobalt particles, with a rate that increases for small particle sizes (lower than 4 nm).

The effect of the preparation method (mechanical mixing or sonication) on the stability performance
of Co nanoparticles mixed with α-Al2O3 was reported by Riani et al. [74]. Well-dispersed Co
nanoparticles displaying a good interaction with alumina were observed in the sonicated sample,
while for the mechanically mixed catalyst only aggregate nanoparticles were detected. The results of
stability tests carried out at 500 ◦C and under a steam-to-ethanol ratio of 6 proved that Co aggregates
produced long carbon nanotubes, which embedded the active particles, while the tendency to form
graphitic carbon is very low for the nanoparticles interacting with alumina.

For NiCo-MgAl catalysts prepared by microwave- or sonication-assisted co-precipitation, it was
found that the prereduction of the catalyst is crucial to assure proper acid–base properties of the
material, which affected the catalyst stability during OSRE. For the unreduced sample, in fact, a high
basicity was observed, which favored certain unwanted pathways (including acetone generation),
along with the formation of coke precursors [58].

The preparation method was also shown to affect the durability of Ni/SiO2 catalysts for ESR [75].
Compared to the impregnated samples and those prepared by deposition–precipitation, the catalysts
synthetized via strong electrostatic adsorption displayed improved interactions between the active
phase and the support, assuring good control of the Ni particle size, which helped reduce the
carbon deposition at 600 ◦C under a H2O/C2H5OH ratio of 9. The same authors demonstrated the
benefits of using silica fibers instead of the commonly used porous SiO2. For porous catalysts, in fact,
coke accumulates inside the pores and its gasification via the reaction with water is more difficult;
conversely, carbon is deposited on the external surfaces of the fibers and its removal via gasification
is easier.

The ultrasound-assisted synthesis of Ni/MgAl2O4 catalysts allowed sufficiently dispersed Ni
particles to be obtained, even at high Ni loading [70]; the limited surface acidity, mainly due to the
presence of Ni, promoted ethanol dehydration to ethylene, which for a Ni loading as high as 10% was
further subjected to reforming, with very limited coking phenomena occurring.

Ni/Ce0.9Sm0.1O2-δ nanowires were prepared via a simple two-step hydrothermal method followed
by Ni deposited via wet impregnation. Such catalysts displayed high concentrations of oxygen
vacancies on their surfaces and very low dimensions for Ni crystallites, assuring higher metallic surface
areas compared to their analogue catalysts prepared from commercial doped ceria. Due to these
improved properties, the Ni/Ce0.9Sm0.1O2-δ sample displayed an exceptional stability with no loss of
activity after 192 h of reaction at 550 ◦C under stoichiometric feeding conditions (no carbon deposits
or filaments were detected for the spent catalyst) during ESR [76]. Ni/CeO2 catalysts prepared via
the sol–gel route displayed improved performance for APRE between 140 and 180 ◦C with 10 wt.%
ethanol in water stream compared to the same catalyst synthetized via the solution combustion
method. During the reaction, Ce2O3 reduced Ni2+ to Ni0 and was itself oxidized to CeO2; the Ni sites
can also be substituted for Ce in the CeO2 lattice, thus increasing oxygen mobility in the structure.
The enhanced oxygen mobility of the catalyst prepared by sol–gel method resulted in an improved
coking resistance [77].

For Co/CeO2 catalysts, the use of nitrates as inorganic salt precursors was shown to increase
acetaldehyde and ethylene selectivity, with severe carbon deposition [78]; conversely, the choice
of cobalt acetyl acetonate strongly enhanced the catalyst stability during ESR at 450 ◦C under a
steam-to-ethanol ratio of 10, the organic ligands linked to the metal sites decreased the size of cobalt
particles, improving their dispersion and assuring them a sort of imprinting effect, increasing the
sites’ accessibility to ethanol and water. Similarly, He et al. [36] prepared Ni/SBA-15 starting from two
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different nickel precursors (nitrate and citrate) and tested them for ethanol reforming at 500 ◦C and a
H2O/C2H5OH ratio of 3. In the first case, NiCx species were detected, which were easily removed from
catalysts’ surfaces. On the contrary, the choice of Ni nitrate as a precursor led to the formation of carbon
nanofibers (CNF) with a regular graphite structure, which covered the Ni active sites and were more
difficult to remove. Similarly, Pt-Ni/CeO2-SiO2 was prepared by employing different cerium precursors
(nitrate, ammonium nitrate, and acetyl acetonate) and tested at 500 ◦C C2H5OH/H2O/O2 = 1:4:0.5.
It was found that the organic precursor assured a templating effect on the ceria crystallites, protecting
them and improving their dispersion; as a result, the carbon formation rate was reduced by half
compared to the samples synthetized from inorganic precursors [37].

Ni catalysts prepared by using a smectite-derived material as the starting precursor compared to
conventionally impregnated samples displayed reduced crystallite sizes of Ni and a consequent higher
resistance towards carbon formation [79]. In fact, during synthesis, Ni species migrated in the smectite
framework, and despite moving towards the surface during the reaction, a strong interaction with the
framework was maintained, inhibiting sintering. Since this interaction limited the growth of particles,
it was possible to reach considerable nickel contents (up to 35 wt.%), thus resulting in high catalytic
performance for ESR.

Noble-metal-based catalysts display lower coke formation and enhanced stability with time-on-stream
testing compared to Ni or Co [80,81]. For Ir/CeO2 catalysts tested during ethanol dry reforming at
500 ◦C under a C2H5OH/CO2 ratio of 1:1 [82], a very low amount of amorphous carbon was detected,
proving that the strong interaction between the Ir particles and the ceria support efficiently prevented
the sintering of Ir metal particles, as well as coke formation. Moraes et al. [83] investigated the effect
on carbon build-up of Pt addition to a Ni/CeO2 nanocube catalyst for ethanol steam reforming at
300 ◦C and a steam-to-ethanol ratio of 3. The formation of a catalytically inactive nickel carbide
phase (solid solution on carbon in Ni) was observed over the monometallic sample, which together
with the accumulation of adsorbed acetates on the surface led to significant catalyst deactivation.
A depicted in Figure 7, Pt inhibited the formation of NiCx species, enhancing the hydrogenation
rate of carbonaceous species. Moreover, the noble metal is characterized by slower carbon diffusion
kinetics; thus, a decrease of the carbon diffusion rate throughout the Ni lattice was assured by the
platinum particles (Ni carburization during the reaction was mitigated by a discontinuous Pt surface
outer shell) [84]. As a result, the CFR during 28 h of time-on-stream tests was one-fourth of the value
recorded for the monometallic catalyst.
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Figure 7. Effect of Pt addition on carbon formation for Pt/CeO2 catalysts [84].

For noble-metal-based catalysts, due to the reduced solubility of carbon on the surface, it was
shown that carbon nucleation is energetically unfavourable; the noble metal lattice is too large compared
to graphene lattice, thus inhibiting its formation. As a consequence, the formation of superficial carbon
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instead of more structured deposits is promoted in the presence of supported noble metal catalysts
(the solubility of carbon in the latter material is very low) [85].

Similar results were also reported by Palma et al. [86]. The addition of Rh to Ni/CeO2-La2O3

samples enhanced the catalyst stability due to multiple effects, involving the reduced accumulation of
acetate as well as the higher capacity for gasification of the methyl groups produced via decomposition
of intermediates. In fact, acetates (derived from acetaldehyde dehydrogenation and subsequent
oxidation) can be converted to CHx species or may accumulate on the surface of the Rh-free catalyst,
leading to acetone formation and subsequent carbon deposition. As a result, the Rh-Ni catalyst displayed
almost no carbon formation for 24 h of reaction at 500 ◦C under a steam-to-ethanol ratio of 3 [87].
The excellent stability of Rh-Pt/CeO2 catalysts during ESR under stoichiometric feeding conditions
at 700 ◦C was ascribed to the formation of a Rh-Pt alloy containing both Rh and Pt oxidized species,
which also led to very small metal particles (almost 5 nm). The control of the carbon accumulation was
related to the availability of surface oxygen, which travels from the support, crossing the active metals
and reaching the CHx coke precursors [85].

The basic properties of the Rh0.4Pt0.4/CeO2 catalyst assured stable performance during steam
reforming of a bioethanol feed (having a steam-to-ethanol ratio of 3 and containing ethyl acetate
0.5 mol.%, 1,1-diethoxyethane 0.2 mol%; trace constituents: propanol, 2-methyl-1-propanol,
3-methyl-1-butanol, and 2-methyl-1-butanol) at 700 ◦C, where alcohol dehydration was disadvantaged,
along with olefin production and further carbonaceous deposition on the catalysts’ surfaces [88].

Due to the differing affinity for carbon deposit formation (different adsorption energies of the
C-containing intermediate species were reported), Pt/Al2O3 and Rh/Al2O3 catalysts displayed dissimilar
behaviour during steam reforming of crude bioethanol at 500 ◦C under a steam-to-ethanol ratio of 5
and with 1% impurities [89]. The carbon formation rate of the platinum-based catalyst was affected by
the type of impurity selected and decreased in the order of IPA (Isopropyl alcohol) > 1-propanol > pure
ethanol > propanal > propylamine > acetone, while the Rh/Al2O3 showed a higher durability, with a
negligible trend related to the contaminants. A Pt-Co/CeO2-ZrO2-Al2O3 catalyst was successfully
employed for the steam reforming of a real bioethanol feed coming from the industry (having a
steam-to-ethanol ratio of approximately 6 and also containing sulphur/phosphorous compounds);
during stability measurements at 400 ◦C, coke deposition did not occur [90].

In some cases, the addition of a second non-noble metal (i.e., Co or Cu) had a mitigating effect
in terms of carbon deposition [32,91]. The improved stability of Ni-Co/SBA-15 catalysts upon cobalt
deposition was ascribed to the formation of a carbide phase (thermodynamically stable against
decomposition to metallic Co and graphitic carbon), which assures a decrease in cobalt particle
sizes [92]. Reduced C2H4 formation was observed during ESR for NiCu ex-hydrotalcite catalysts
compared to the copper-free sample, which limited the deposition of graphitic carbon, as well as the
formation of carbon filaments having small metallic particles at their growing tips.

For copper–nickel oxide catalysts [93], it was also reported that the metal–oxide interface
facilitates the transformation of CHx-adsorbed species resulting from acetaldehyde decomposition into
methoxy-like adsorbed species, which are readily reformed to produce H2 instead of being decomposed
to solid carbon.

Braga et al. [94] investigated the effect of Co addition to Ni/MgAl2O4 on its stability during OSRE
at 500 ◦C under H2O/EtOH/O2 = 3:1:0.5. Filamentous carbon was deposited on bimetallic Ni-Cu
samples and the rate of carbon deposition increased for lower Co contents. The carbon gasification rate
depends on the presence of surface oxygen for the oxidation of the *C species; the small dimension of
cobalt particles (lower than 5 nm) interacting with Ni enhanced the fraction of oxidized Co available to
oxidize the carbon species on metal sites. Thus, cobalt deposition on Ni/MgAl2O4 effectively mitigated
coke accumulation, with the best results recorded for the 4Co-4Ni catalyst.
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2.2. The Role of the Support

The present paragraph describes the crucial role played by the catalytic support in preventing
coking phenomena, mainly linked to its acidic and basic features, as well as its structural properties.
Thus, the identification of the acidic and basic sites of the support is fundamental for the understanding
of coke formation mechanisms.

For Rh/CeO2 catalysts tested during ESR [95], NH3 temperature-programmed desorption (TPD)
results indicate the presence of strong basic sites; however, a slightly acid behaviour was also observed.
Different paths of ethanol molecule activation are observed based on the site features. Acidic sites
favour dehydration reactions and ethylene formation, which is a well-known coke precursor; while the
dehydrogenation pathway is promoted in basic sites, leading to the formation of C2H5O* intermediates,
which can decompose to CHx species and further be oxidized to CO and CO2.

La2Ce2−xNixO7−δ catalysts displayed very stable behaviour during oxidative steam reforming
of ethanol. Ni incorporation into the pyrochlore structure, as well as the synergistic effect of nickel
and cerium ions, induced the formation of Ce3+ ions, thus creating oxygen vacancies. This effect,
together with the good dispersion of Ni particles and the presence of NiO as an impurity (sintered nickel
oxides promote coke accumulation), mitigates coke deposition [96]. The same authors synthesized
pyrochlore catalysts substituted by Li and Ru in A and B sites and supported them on Al2O3 or
La2Zr2O7. Substitution of La3+ by Li+ metal cations modified the relative compositions of active metal
ions Run+/Ru4+ and Ce4+/Ce3+, thus enhancing formation of vacancies and increasing the carbon
oxidation rate. Moreover, during tests performed at 350 ◦C under stoichiometric feeding conditions,
disordered carbonaceous and ordered graphitic species were formed over the alumina-supported
catalyst, while no coke accumulation was observed for the La2Zr2O7-based sample. The basic properties
of this support, in fact, suppressed ethylene formation and its successive polymerization [97].

For Cu catalysts supported on CeO2, ZrO2, and CeO2-ZrO2, and tested during ethanol dry
reforming, it was found that the concentration of the oxygen vacancies decreased in the order
of Cu/CeO2-ZrO2 > Cu/CeO2 > Cu/ZrO2. Thus, coke formation was inhibited and its degree of
graphitization reduced with the Cu/CeO2-ZrO2 catalysts, which displayed the highest durability
at 700 ◦C under a C2H5OH/CO2 ratio of 1:1 [98]. Cu/Ce0.8Zr0.2O2 catalysts displayed negligible
deactivation during dry reforming of ethanol at 700 ◦C and a C2H5OH/CO2 ratio of 1:1. In fact,
the incorporation of Cu prevented the crystallite growth of the Ce-Zr-O solid solution, which may occur
during preparation; thus, the mean crystallite size of the CuCeZr catalyst was approximately 3.1 nm
(lower than the value of 5 nm reported for the pure ceria-zirconia support); smaller particles are reported
to reduce the formation enthalpy of oxygen vacancies. As a result, coke accumulation and sintering
were mitigated [99] and stable behaviour with complete ethanol conversion for 90 h of time-on-stream
was recorded [100]. Dang et al. [101] investigated the dry reforming of an ethanol/glycerol mixture
(4:1) over a Ni/CaCO3 catalyst: CaCO3 reacted with the alcohols to yield CO, H2, and CaO, while CO2

allowed for CaCO3 to be regenerated. The presence of carbonates was beneficial for suppressing coke
accumulation; the highly reactive carbonaceous species can interact with the CO2 coming from the
carbonate decomposition and can be easily converted to carbon monoxide.

The metal particle size and the dispersion of the active phase are also affected by the structure
of the support. Da Costa-Serra and Chica [102] studied ethanol steam reforming for two Co-based
catalysts supported on structured manganese oxides (Birnessite and Todorokite). In the latter case,
the special microporous structure of the support provided high-quality positions for the stabilization
of the cobalt particles (i.e., the microporous structure assures a good interaction of the metal particles
with the support) during the preparation, thus leading to smaller metal particles compared to the
birnessite-based sample (6 vs. 12 nm). As a result, carbon accumulated during a 24 h ESR test at
500 ◦C under a H2O/C2H5OH ratio of 13 was almost one-half of the todorokite-supported Co catalyst.
The superior stability of a Ni/KIT-6 catalyst (ordered silica) for ethanol dry reforming at 550 ◦C under a
C2H5OH/CO2 ratio of 1 compared to a nickel sample supported on mesoporous silica was ascribed to the
stabilization of the Ni species via the formation of Si-O-Ni-O-Si bonds, with a consequent confinement
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within the pores of the ordered structure; such confinement resulted in a stronger metal–support
interaction and smaller Ni particles compared to the Ni/SiO2 catalyst, which enhanced the resistance
towards coke formation [103]. By depositing a Pt-Ni/CeO2 catalyst on high surface area mesoporous
silica, a better dispersion of both metal and ceria particles was observed compared to the silica-free
sample, thus enhancing the catalyst stability during ESR. The bimetallic catalysts were also prepared at
different CeO2/SiO2 ratios (0.25, 0.30, and 0.40), and the relationship between the CFR and average Ni
crystallites calculated for the spent catalysts was investigated. The smallest crystallite size, which was
linked to the minimum coke selectivity, was recorded for a ratio of 30% [60].

Catalyst deposition on specific structured carriers may also affect their stability performance
for ethanol reforming. The enhanced mass transfer rate and the improved gas–solid contact of
structured carriers (i.e., foams, honeycombs, and monoliths) are expected to increase the contribution
of coke gasification reactions, with a consequent mitigation in the deactivation of the catalyst [40,104].
Rh/CeSiO2 catalysts supported on a ceramic monolith were subjected to a water/ethanol mixture of 3.5
at 755 ◦C, and no coke formation was observed during 96 h of operation [105]. Cobalt deposition on a
Y2O3-doped ZrO2 monolith eliminated the generation of undesired by-products (C2H2 and C2H4O),
whose formation in the presence of the corresponding powder material was responsible for carbon
deposition. Moreover, the stability of such structured catalysts was enhanced by infiltrating La into the
monolith structure [106]. For the steam reforming of a simulated bioethanol for (containing 1 mol%
of acetaldehyde, isopropyl alcohol, isobutyl alcohol, and isoamyl alcohol) over a Pt-Ni/CeO2-ZrO2

catalyst supported on a SiC foam, it was observed that the binder employed during the deposition
of the catalytic wash coat on the structured carrier may affect catalyst stability [107]. The choice of
boehmite as a binder reduced the carbon formation rate during tests at 450 ◦C at a steam-to-ethanol
ratio of 3 compared to both the corresponding powder sample and the structured carrier containing
silica as a ligand. In the latter case, in fact, very fast deactivation was observed, which was described
as follows: during reforming reactions, steam can attack silica-structured Si atoms, with consequent
structural changes for silica. Thus, active species particles can be wrapped or buried within the
structure, losing their activity.

2.3. The Effect of the Addition of Promoters

The addition of promoters is a common strategy to mitigate carbon deposition on the catalysts’
surfaces during ethanol reforming, and in the following paragraph, the influence of various promoters
(mainly alkali metals and rare earths elements) on catalyst stability for bioethanol reforming is discussed.

For Co/CeO2 catalysts tested during ESR, it was reported that the Co particle size influences the
type of carbonaceous deposits; large cobalt particles caused the formation of carbon filaments with
encapsulated cobalt (carbon diffuses inside the crystallites, destroying them and the causing growth of
nanofibers), while few atomic layers of carbon, mainly located at the boundary of the Co and CeO2

particles, were detected over small cobalt particles. The same authors found that the concentration
of hydroxyls groups on the catalysts’ surfaces (modulated on the basis of the steam-to-ethanol ratio)
is crucial to changing coke selectivity. In this regard, a high concentration of OH species and K-O
sites was assured upon potassium addition. Potassium, in fact, is able to favor the conversion of coke
precursors to CHx instead of fully dehydrogenated C = C species (mainly graphitic whiskers and
layers) [108]. Moreover, the formation of carbonaceous deposits was also prevented over Co/ZrO2

catalysts promoted by potassium, mainly due to the decreased contribution of the CO disproportion
reaction [109]. La2O3 promotion improved the active species dispersion and the metal–support
interactions for Co/CeO2 (and Ni/CeO2) catalysts; the lower carbon formation was attributed to the
formation of La2O2CO3 as an intermediate phase, which contributes to eliminating carbon deposits,
leading to the formation of carbon monoxide [110]. Cerdà-Moreno et al. [111] investigated the effect of
La addition as a promoter on the stability of CoZn hydrotalcites at 600 ◦C for the steam reforming of a
raw bioethanol stream containing several impurities (acetaldehyde, methanol, propanol, and SO2) and
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having a steam-to-ethanol ratio of 10; the improved performance of the lanthanum-containing catalyst
is mainly related to the reduced C2H4 selectivity.

For Ni/SBA-15 catalysts, the introduction of Mn as a promoter and the subsequent change in
the redox properties of the catalytic support favored the formation of a lower amount of coke lumps
(carbon donuts surrounding Ni particles), with less activity loss during ESR compared to the Mn-free
catalysts [54]. A similar reduction in the extent of deactivation and the same differences in the types
of coke formed were observed by adding Mo to Ni/SBA-15 catalysts [112] and Mn to Co/SBA-15
catalysts [113].

The synthesis of a Ni-Ce-W oxide catalyst via reverse microemulsion allowed W and part of the
Ni to be incorporated into the ceria lattice, while the remaining Ni formed highly-dispersed nano-NiO
(almost 2 nm) outside the Ni–W–Ce oxide structure. Due to the synergy between Ni and W inside
the ceria lattice, an increase of the oxygen vacancies with respect to the W-free sample was observed,
which assured considerable resistance towards coke formation during ESR [114].

Compared to the ceria-free samples, CeO2-promoted Ni/SBA-15 catalysts displayed well-dispersed
nickel particles confined in the mesoporous channels of SBA-15 [115]; the metal–support interactions
led to a homogeneous distribution of Ni and Ce with a large Ni-CeO2 interface, which contributed to
controlling the size of Ni particles. Ni’s ability to break CO bonds responsible for CO disproportion
and carbon deposit formation was mitigated thanks to the strong electronic perturbation induced
by ceria. In addition, the OH groups present on the ceria surface, together with those derived from
steam, can easily react with methyl groups to generate CO, CO2, and H2. The high oxygen mobility in
the ceria lattice enhanced the carbon gasification rate and assured a lower rate of carbon deposition.
Thus, ceria can effectively minimize sintering and coking over Ni/SBA-15 catalysts during ethanol
steam reforming at 700 ◦C and a H2O/C2H5OH ratio of 4, reducing the accumulated amount of coke
deposited by almost 70%.

In an attempt to improve the stability of NiMgAl catalysts, Du et al. [116] investigated the addition
of various promoters, which modulated the electronic properties of the final catalyst. NiCoMgAl
catalysts, compared to the Mn- or Zr-promoted samples, displayed higher durability, ascribable to
the good metal dispersion and small metal size, which hindered carbon deposition and sintering
(small particles of metals such as Ni have been found to block the mechanism of carbon filament
growth and to decrease carbon accumulation). Conversely, an enhanced rate of carbon formation
(mainly in a filamentous form) was observed for the NiMnMgAl and NiZrMgAl samples. Ce addition
to NiMgAl reduced the dimensions of metal particles, while the presence of lanthanum increased
the surface Ni content and the number of basic sites; in both cases, a reduced carbon formation rate
was measured. Similarly, the benefits of supporting LaNiO3 catalysts on CeSiO2 were reported [117].
The presence of SiO2 blocked the sintering of ceria particles and the very low carbon formation rate
recorded during ESR at 700 ◦C, while a H2O/C2H5OH ratio of 3 over the LaNiO3/CeSiO2 catalyst was
ascribed to the metal–support interactions, which contributed to maintaining small dimensions for Ni
crystallites. The size of metal particles, in fact, affects the nucleation rate of carbon; a critical ensemble
size (ensemble of 6–7 atoms) was proposed, below which carbon formation does not occur. For these
catalysts, it was also reported that after initial deactivation, new stability conditions were reached,
despite the presence of carbon on the catalyst’s surface. The initial loss of activity was observed when
the rate of formation of CHx species was higher than their rate of desorption to form CH4. Such species
can be further dehydrogenated to C as well as H, and the highly-reactive carbon species can both
encapsulate metallic particles, leading to complete deactivation, or diffuse through the Ni crystallites
and nucleate the growth of carbon filaments. In the latter case, the top surface is still in contact
with the reacting mixture and the catalyst is able to maintain its activity for the ESR. Dan et al. [118]
investigated the steam reforming of a fir wood crude bioethanol over Ni/Al2O3 catalysts (containing
methanol, acetic acid, higher alcohols, esters, aldehydes, organic acids, and dimethyl furan). However,
the bioethanol displayed rapid deactivation during tests at 350 ◦C, due to the deposition of graphitic
carbon. A significant improvement in its durability was observed with the addition of rare earth
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oxides, with La2O3 decreasing the alumina surface acidity and CeO2 promoting water activation for
the gasification of coke deposits. Thus, stable performance was recorded for 4 h at 350 ◦C.

Likewise, the incorporation of Au into Ni/SBA-5 catalysts improved the dispersion of the NiO
phase to form smaller nickel oxide particles. In addition, strengthened interactions between the SBA-15
support and NiO phase were assured, thus efficiently reducing the coke deposition on active sites [119].

Mondal et al. [120] described the performance of unpromoted and Rh-promoted Ni/CeO2-ZrO2

catalysts for oxidative steam reforming of a crude bioethanol stream (containing ethanol, butanediol,
butandioic acid, acetic acid, and glycerol). Stability tests were performed at 600 ◦C and EtOH/H2O/O2

= 1:13:0.35. The addition of Rh led to smaller dimensions for Ni crystallites, and despite both
amorphous and rod-shaped filamentous carbon nanotubes being observed for the two spent catalysts,
the Rh-Ni/CeO2-ZrO2 lessened the deposition of encapsulating amorphous coke, thus exhibiting a
significantly lower deactivation rate.

The addition of Ce or La to Ni/Al2O3 acted as a spacer, preventing NiO particles from aggregating,
and hence increasing metal dispersion on the catalyst’s surface; thus, improved stability was recorded
for ethanol dry reforming. In particular, despite multiwalled carbon nanofibers being deposited
on both the promoted and unpromoted catalysts, the stable performance of rare-earth-containing
samples was related to the absence of encapsulated Ni particles located on the tip of the filamentous
nanocarbon [121,122]. In addition, in the presence of CO2, the formation of the La2O2CO3 intermediate
discussed above was enhanced, along with its ability to oxidize surface CxHy species and to preserve
active metal sites. Similar results were also reported for Ce-doped Co/Al2O3 catalysts [123], La-doped
Co/Al2O3 [124], and La-doped Cu/Al2O3 catalysts [125].

In some cases, the addition of a promoter did not lead to the desired performance improvement.
For the Ni/CeO2 catalyst, the addition of K caused faster deactivation due to the deposition of a
very large amount of graphitic fibres, which were longer and thicker than those observed over the
unpromoted catalyst; these graphitic fibres encapsulated the nickel crystallites, resulting in an activity
loss [126]. For Pt-Ni catalysts, the addition of a third metal (K, Cs, or Rh) as a promoter was investigated,
finding that caesium and rhodium are able to reduce the carbon formation rate during ESR at 450 ◦C
and under stoichiometric feeding conditions, while in the presence of potassium, this addition was
detrimental for catalyst stability [23].

Table 1 summarizes the stability performance of different catalysts proposed over the last 5 years
for steam reforming, oxidative steam reforming, and dry reforming of ethanol. As discussed above,
various parameters affect the catalyst durability and carbon formation rate, including the catalyst
composition (active species, support, promoters) and operative conditions (temperature, feeding,
and space velocity). A high ethanol concertation, low contact time, and high steam/ethanol ratio increase
carbon accumulation on the catalyst’s surface. Moreover, noble-metal-based catalysts displayed lower
coke formation compared to Ni- or Co-based catalysts, with the addition of promoters lessen the coke
selectivity. In fact, as can be seen from the data reported in Table 1, when ESR was performed over Ir-
and Rh-based catalysts, the CFR was among the lowest reported in the present review. Very low carbon
formation rates were also measured in the presence of Pd, as well as for bimetallic Rh-Ni catalysts.
Carbon formation rates range between 10−2 to 10−7; overall, during oxidative steam reforming of
ethanol, reduced coke selectivity values were recorded compared to the steam reforming and dry
reforming cases, due to the enhanced contribution of gasification reactions promoted by O2. In this
regard, the highest stability was assured over the Pt-Ni/CeO2-SiO2 catalysts, as well as over Ru-based
perovskites containing La as a promoter. During dry reforming, the extent of catalyst deactivation
was enhanced due to the absence of water in the feed, which is crucial for the promotion of carbon
gasification; thus, CFR, defined as the ratio between the mass of carbon, measured in g, and the product
of the catalytic mass (measured in g), the mass of carbon feed during the test (in g) and the time
on stream ( in hours), was of the order of 10−3 gcoke·gcatalyst

−1·gcarbon,fed
−1·h−1. However, a strong

improvement in catalyst stability was observed by selecting ceria and zirconia instead of alumina as
the catalytic support. The results reported in Table 1 also show the effects of the catalyst preparation
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method and the salt precursor selection on the stability of the final catalyst during ethanol reforming.
In particular, the lowest values for carbon formation rates were recorded for the catalysts prepared by
sonication (which assured lower dimensions for metal crystallites and a better active species–support
interaction) instead of impregnation; moreover, the choice of organic salts as precursors improved the
dispersion of active species, thus resulting in a more stable catalyst.

Table 1. Carbon formation rates of various catalysts employed for steam reforming, oxidative steam
reforming, and dry reforming of ethanol.

Catalyst a Operative Conditions b WHSV c (h−1) X EtOH (%)
Carbon Formation Rate
d (Multiplied for 1000)

Ref.

Ethanol steam reforming

1Pt-3Ni/CeO2-SiO2
T = 450 ◦C S/E = 4
%C2H5OH = 10% 4.1 95% after 310 min 3

[23]0.5Rh-1Pt-3Ni/CeO2-SiO2
T = 450 ◦C S/E = 4
%C2H5OH = 10% 4.1 93% after 1300 min 0.84

1Rh-3Ni/CeO2-SiO2
T = 450 ◦C S/E = 4
%C2H5OH = 10% 4.1 91% after 4900 min 0.065

1Pt-3Ni-0.5K/CeO2-SiO2
T = 450 ◦C S/E = 4
%C2H5OH = 10% 4.1 92% after 200 min 17

1Pt-3Ni-0.5Cs/CeO2-SiO2
T = 450 ◦C S/E = 4
%C2H5OH = 10% 4.1 94% after 1600 min 0.39

Ni-Co/mesoporous carbon (MC) T = 375 ◦C S/E = 12
%C2H5OH = 4% 1.2 0% after 700 min 14

[32]

Ni-Co/2Zr-MC T = 375 ◦C S/E = 12
%C2H5OH = 4% 1.2 77% after 700 min 7.1

Ni-Co/2Y-MC T = 375 ◦C S/E = 12
%C2H5OH = 4% 1.2 90% after 700 min 8.1

LaNi0.85Zn0.15O3-δ
T = 700 ◦C S/E = 3
%C2H5OH = 18.6% 8.2 100% after 8 h 2.7 [34]

10Ni/9La2O3-αAl2O3
T = 500 ◦C S/E = 3
%C2H5OH = 8 % 11.5 32 % after 20 h 0.19 [42]

5Co/CeO2
T = 500 ◦C S/E = 3
%C2H5OH = 25% 6.8 94% after 6 h 25

[71]

10Co/CeO2
T = 500 ◦C S/E = 3
%C2H5OH = 25% 6.8 98% after 6 h 75

20Co/CeO2
T = 500 ◦C S/E = 3
%C2H5OH = 25% 6.8 98% after 6 h 58

10Ni/CeO2
T = 300 ◦C S/E = 3
%C2H5OH = 2.5% 2.1 10% after 30 h 0.15 [84]

1Pt10Ni/CeO2
T = 300 ◦C S/E = 3
%C2H5OH = 2.5% 2.1 33% after 30 h 0.19 [84]

1Rh-10Ni/15La2O3-10CeO2-Al2O3
T = 500 ◦C S/E = 3
%C2H5OH = 18.8% 42.2 100% after 24 h 0.00031 [87]

Co-La/CeO2 La/Co mol ratio 0.1 T = 420 ◦C S/E = 12
%C2H5OH = 7.7% 9.5 60% after 21 h 0.17 [110]

Ni-La/CeO2 La/Ni molar ratio of 0.1 T = 420 ◦C S/E = 12
%C2H5OH = 7.7% 9.5 99% after 21 h 19

3Ni/SBA-15 T = 650 ◦C S/E = 4
%C2H5OH = 4.5% 25.7 70% after 50 h 0.19 [115]

3NiCe/SBA-15
Ce/Ni molar ratio of 1:1

T = 650 ◦C S/E = 4
%C2H5OH = 4.5% 25.7 90% after 50 h 0.045 [115]

0.4Pt-0.4Rh/CeO2-SiO2
Si/Ce molar ratio of 1:2

T = 680 ◦C
S/E = 3
%C2H5OH = 1.8%

14.3 100% for 72 h 0.16 [127]

2Ir/CeO2 nanoparticles T = 650 ◦C S/E = 3
%C2H5OH = 25% 9.23 80% after 45 h 0.0083 [128]

2Ir/CeO2 nanoroads T = 650 ◦C S/E = 3
%C2H5OH = 25% 9.23 55% after 45 h 0.0096 [128]

1Rh/Al2O3
T = 500 ◦C S/E = 3
%C2H5OH = 14% 40.7 80% after 45 h 0.028 [129]

1Rh-15%La2O3-Al2O3
T = 500 ◦C S/E = 3
%C2H5OH = 14% 40.7 90% after 45 h 0.0029 [129]

1Rh-15%La2O3-5%CeO2-Al2O3
T = 500 ◦C S/E = 3
%C2H5OH = 14% 40.7 97% after 45 h 0.0016 [129]
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Table 1. Cont.

Catalyst a Operative Conditions b WHSV c (h−1) X EtOH (%)
Carbon Formation Rate
d (Multiplied for 1000)

Ref.

Co-Mg@mesoporous Al2O3
Co/Al molar ratio of 0.1:1
Mg/Al mol ratio 0.25:1

T = 550 ◦C S/E = 5
%C2H5OH = 6.7% 4.8 100% after 4 h 9 [130]

LaNiO3/ZrO2
T = 650 ◦C S/E = 3
%C2H5OH = 5% 27.1 80% after 50 h 0.57

[131]

LaNi0.7Co0.3O3/ZrO2
T = 650 ◦C S/E = 3
%C2H5OH = 5% 27.1 96% after 50 h 0.36

LaCoO3/ZrO2
T = 650 ◦C S/E = 3
%C2H5OH = 5% 27.1 70% after 50 h 0.68

10Ce/Ni-Mg-Al T = 540 ◦C S/E = 6
%C2H5OH = 14.3% 2.1 83% after 10 h 0.51 [132]

5Ni/CNTs-SiO2 fibers T = 450 ◦C S/E = 9
%C2H5OH = 10% 2.6 87% after 22 h 1.2 [133]

10Ni/CNTs-SiO2 fibers T = 450 ◦C S/E = 9
%C2H5OH = 10% 2.6 100% after 22 h 1.5

Pt@HBZ (HB zeolite) T = 350 ◦C S/E = 4
%C2H5OH = 4% 3.4 100% after 15 h 0.23 [134]

Pt-B (B zeolite) T = 350 ◦C S/E = 4
%C2H5OH = 4% 3.4 60% after 15 h 0.46

2.5Co/hydroxyapatite T = 500 ◦C S/E = 6
%C2H5OH = 4.1% 2.2 60% after 5 h 17

[135]

5Co/hydroxyapatite T = 500 ◦C S/E = 6
%C2H5OH = 4.1% 2.2 40% after 5 h 19

7.5Co/hydroxyapatite T = 500 ◦C S/E = 6
%C2H5OH = 4.1% 2.2 30% after 5 h 20

20Ni/Attapulginte T = 700 ◦C S/E = 3
%C2H5OH = 12.6% 5.1 75% after 50 h 0.25

[136]
20Ni/5Mg-Attapulgite T = 700 ◦C S/E = 3

%C2H5OH = 12.6% 5.1 85% after 50 h 0.23

20Ni/10Mg-Attapulgite T = 700 ◦C S/E = 3
%C2H5OH = 12.6% 5.1 98% after 50 h 0.047

20Ni/20Mg-Attapulgite T = 700 ◦C S/E = 3
%C2H5OH = 12.6% 5.1 87% after 50 h 0.097

10Ni/20Pr-CeO2
T = 600 ◦C S/E = 5
%C2H5OH = 15.7% 18.2 100% after 120 h 0.0016 [137]

Pd0.01Zn0.291Mg0.7Al2O4
T = 450 ◦C S/E = 3
- 3.1 100% after 30 h 0.00017 [138]

La0.7Ce0.3Ni0.7Fe0.3O3
T = 500 ◦C S/E = 4
- 1.2 98% after 50 h 0.07 [139]

2.5Pt-1Cu@SiO2
T = 400 ◦C S/E = 4
- 2.9 100% after 30 h 0.33

[140]

2.5Pt@SiO2
T = 400 ◦C S/E = 4
- 2.9 70% after 30 h 0.60

2.5Pt-1Cu/SiO2
T = 400 ◦C S/E = 4
- 2.9 80% after 30 h 0.79

10Ni/17CeO2ZrO25La2O3
T = 500 ◦C S/E = 3
%C2H5OH = 5% 10.1 86% after 4 h 12

[141]
10Ni/ZrO25La2O3

T = 500 ◦C S/E = 3
%C2H5OH = 5% 10.1 57% after 4 h 37

1Rh/17CeO2ZrO25La2O3
T = 500 ◦C S/E = 3
%C2H5OH = 5% 10.1 92% after 4 h 0.58

1Rh/ZrO25La2O3
T = 500 ◦C S/E = 3
%C2H5OH = 5% 10.1 68% after 4 h 5.2

Oxidative steam reforming of ethanol

1Pt3Ni/CeO2-SiO2
Cerium precursor: nitrate

T = 500 ◦C S/E = 4
O2/E = 0.5 %C2H5OH = 10% 12.3 59% after 100 h 0.0030

[37]
1Pt3Ni/CeO2-SiO2
Cerium precursor: ammonium nitrate

T = 500 ◦C S/E = 4
O2/E = 0.5 %C2H5OH = 10% 12.3 60% after 100 h 0.0029

1Pt3Ni/CeO2-SiO2
Cerium precursor: acetyl acetonate

T = 500 ◦C S/E = 4
O2/E = 0.5 %C2H5OH = 10% 12.3 73% after 100 h 0.0014

30Ni/CeO2-ZrO2
T = 600 ◦C S/E = 9
O2/E = 0.35 5.1 95% after 36 h 0.92 [43]
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Table 1. Cont.

Catalyst a Operative Conditions b WHSV c (h−1) X EtOH (%)
Carbon Formation Rate
d (Multiplied for 1000)

Ref.

1Rh-30Ni/CeO2-ZrO2
T = 600 ◦C S/E = 9
O2/E = 0.35 5.1 85% after 36 h 0.45

NiCo-MgAl
(Ni+Co = 20 wt.%)
Conventional synthesis

T = 550 ◦C S/E = 3
O2/E = 0.5 %C2H5OH = 12.8% 91.6 100% after 100 h 7.7

[58]

NiCo-MgAl
(Ni+Co = 20 wt.%)
Microwave-assisted co-precipitation

T = 550 ◦C S/E = 3
O2/E = 0.5 %C2H5OH = 12.8% 91.6 100% after 100 h 7

NiCo-MgAl
(Ni+Co = 20 wt.%)
Sonication-assisted co-precipitation

T = 550 ◦C S/E = 3
O2/E = 0.5 %C2H5OH = 12.8% 91.6 100% after 100 h 5.4

1Pt-3Ni/CeO2-SiO2 CeO2/SiO2
ratio = 25

T = 500 ◦C S/E = 4
O2/E = 0.5 %C2H5OH = 10% 4.1 100% after 100 h 0.0076

[60]
1Pt-3Ni/CeO2-SiO2 CeO2/SiO2
ratio = 30

T = 500 ◦C S/E = 4
O2/E = 0.5 %C2H5OH = 10% 4.1 100% after 135 h 0.0012

1Pt-3Ni/CeO2-SiO2 CeO2/SiO2
ratio = 40

T = 500 ◦C S/E = 4
O2/E = 0.5 %C2H5OH = 10% 4.1 100% after 120 h 0.0065

15Ni/MgAl2O4
T = 500 ◦C S/E = 3
O2/E = 0.5 %C2H5OH = 2.5% 9.2 80% after 28 h 22

[94]4Co11Ni/MgAl2O4
T = 500 ◦C S/E = 3
O2/E = 0.5 %C2H5OH = 2.5% 9.2 70% after 28 h 21

7.5Co7.5Ni/MgAl2O4
T = 500 ◦C S/E = 3
O2/E = 0.5 %C2H5OH = 2.5% 9.2 70% after 28 h 7.1

11Co4Ni/MgAl2O4
T = 500 ◦C S/E = 3
O2/E = 0.5 %C2H5OH = 2.5% 9.2 60% after 28 h 6.7

15Co/MgAl2O4
T = 500 ◦C S/E = 3
O2/E = 0.5 %C2H5OH = 2.5% 9.2 60% after 28 h 1.9

4Co4Ni/MgAl2O4
T = 500 ◦C S/E = 3
O2/E = 0.5 %C2H5OH = 2.5% 9.2 60% after 28 h 0.11

La0.6Sr0.4CoO3-δ
T = 600 ◦C S/E = 3
O2/E = 0.5 %C2H5OH = 4.4% 3.6 96% after 5 h 2.1 [142]

Mg2AlNi3HzOy
T = 260 ◦C S/E = 3
O2/E = 1.6 %C2H5OH = 14.4% 81.9 100% after 75 h 0.31 [143]

NiCo-MgAl
(Ni+Co = 20 wt.%)
Conventional synthesis

T = 550 ◦C S/E = 3
O2/E = 0.5 %C2H5OH = 12.8% 47.3 100% after 100 h 0.072

[144]

NiCo-5PrMgAl T = 550 ◦C S/E = 3
O2/E = 0.5 %C2H5OH = 12.8% 47.3 100% after 100 h 0.044

NiCo-5CeMgAl T = 550 ◦C S/E = 3
O2/E = 0.5 %C2H5OH = 12.8% 47.3 100% after 100 h 0.049

La2Ce1.8Ru0.2O7/La2Zr2O7
T = 400 ◦C S/E = 3
O2/E = 0.6 %C2H5OH = 14.6% 28.1 100% after 100 h 0.0013

[145]

MgxLa2-xCe1.8Ru0.2O7/La2Zr2O7-δ
T = 400 ◦C S/E = 3
O2/E = 0.6 %C2H5OH = 14.6% 28.1 100% after 100 h 0.00021

CaxLa2-xCe1.8Ru0.2O7/La2Zr2O7-δ
T = 400 ◦C S/E = 3
O2/E = 0.6 %C2H5OH = 14.6% 28.1 100% after 100 h 0.0011

Ethanol dry reforming

1Rh/CeO2
T = 700 ◦C CO2/E = 1
- 18.5 88% after 65 h 0.0089 [63]

1Rh/CeO2
T = 700 ◦C CO2/E = 3
- 18.5 100% after 65 h 0.0033

2Rh/CeO2
T = 700 ◦C CO2/E = 1
- 4.6 100% after 70 h 0.035 [82]

15Cu/CeO2
T = 700 ◦C CO2/E = 1
%C2H5OH = 30% 6.2 75% after 90 h 0.0061

[98]

15Cu/ZrO2
T = 700 ◦C CO2/E = 1
%C2H5OH = 30% 6.2 64% after 90 h 0.0093

15Cu/CeO2-ZrO2
Ce/Zr mol ratio = 1

T = 700 ◦C CO2/E = 1
%C2H5OH = 30% 6.2 100% after 90 h 0.0045

10Co/Al2O3
T = 700 ◦C CO2/E = 1
%C2H5OH = 20% 17.2 20% after 8 h 8.9

[123]2Ce-10Co/Al2O3
T = 700 ◦C CO2/E = 1
%C2H5OH = 20% 17.2 38% after 8 h 6.6

3Ce-10Co/Al2O3
T = 700 ◦C CO2/E = 1
%C2H5OH = 20% 17.2 50% after 8 h 4.7

4Ce-10Co/Al2O3
T = 700 ◦C CO2/E = 1
%C2H5OH = 20% 17.2 37% after 8 h 5.1
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Table 1. Cont.

Catalyst a Operative Conditions b WHSV c (h−1) X EtOH (%)
Carbon Formation Rate
d (Multiplied for 1000)

Ref.

5Ce-10Co/Al2O3
T = 700 ◦C CO2/E = 1
%C2H5OH = 20% 17.2 34% after 8 h 5.2

10Co/Al2O3
T = 700 ◦C CO2/E = 1
%C2H5OH = 20% 17.2 50% after 72 h 0.12 [124]

3La10Co/Al2O3
T = 700 ◦C CO2/E = 1
%C2H5OH = 20% 17.2 30% after 72 h 0.078

10Ni/SiO2-Al2O3
T = 750 ◦C CO2/E = 1.4
- 1.8 97% after 10 h 2.8 [146]

10Ni/ Al2O3 calcined at 500 ◦C T = 700 ◦C CO2/E = 3
- 36.9 100% after 4 h 5.5

[147]

10Ni/ Al2O3 calcined at 600 ◦C T = 700 ◦C CO2/E = 3
- 36.9 100% after 4 h 6.7

10Ni/ Al2O3 calcined at 700 ◦C T = 700 ◦C CO2/E = 3
- 36.9 100% after 4 h 9.7

Note: a The metal or oxides loadings are intended for the weight of the catalyst; b all the tests were performed at
atmospheric pressure; c refers to the ethanol mass flow-rate; d gcoke·gcatalyst

−1·gcarbon,fed
−1·h−1.

3. Oxidative Biomethanol Steam Reforming

Methanol is actually an attractive feedstock for reforming processes. It can be obtained from
renewable and fossil sources [148], including biomass and CO2, thus offering a pathway to a
sustainable carbon-neutral cycle [149]. It can be easily converted to hydrogen via the (oxy-) reforming
processes, and the resulting gas mixture, without a water–gas shift unit [150], can be directly used in
high-temperature proton exchange membrane fuel cells (Figure 8), or [151] after purification steps in
low-temperature polymer electrolyte membrane (PEM) fuel cells [152].

i 

𝐶𝐻 𝑂𝐻 + 𝐻 𝑂 ↔ 𝐶𝑂 + 3𝐻  ∆𝐻°  =  +49.7 kJ · mol𝐶𝑂 + 𝐻 𝑂 ↔ 𝐶𝑂 + 𝐻  ∆𝐻°  =  −41.2 kJ · mol𝐶𝐻 𝑂𝐻 ↔ 𝐶𝑂 + 𝐻  ∆𝐻°  =  +90.7 kJ · mol

Figure 8. Block diagram of MSR-based system [150].

Many advantages were identified for using methanol for reforming processes. The molecule
contains only one C atom, thus the absence of the C-C bond prevents the formation of a series of
by-products. During the reforming processes [153], its reforming temperatures are relatively low;
moreover, its tendency to form coke is lessened due to the high H/C ratio [154]. Methanol steam
reforming (MSR) can be described by the following chemical reactions [155]:

CH3OH + H2O↔ CO2 + 3H2 ∆H
◦

298k = +49.7 kJ·mol−1 (10)

CO + H2O↔ CO2 + H2 ∆H
◦

298k = −41.2 kJ·mol−1 (11)
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CH3OH↔ CO + H2 ∆H
◦

298k = +90.7 kJ·mol−1 (12)

The MSR reaction is endothermic and takes place with an increase in the number of moles; on the
contrary, the water–gas shift reaction is exothermic and proceeds without a variation in the number
of moles.

In this section, the results of selected studies published in the last five years on methanol (oxy-)
steam reforming are reported. In the first paragraph, recent studies on the most-diffused active phases
in MSR will be discussed. In the second section, comparative studies on the effects of the support
will be reported. In the third section, the effects of promoters will be discussed, while theoretical and
simulation studies, as well as non-conventional reactor configurations, will be reported in the fourth
section. Finally, a selection of recent articles devoted to the oxidative steam reforming of methanol
will be proposed. The paper distribution as a function of the active phase in the bibliographic survey
reveals that copper is the preferred metal in methanol reforming; however, noble metals such as gold,
platinum, and palladium are also used (Figure 9).
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Figure 9. Number of considered papers as a function of the active phase analyzed for the
methanol reforming.

3.1. The Influence of the Active Phase

As previously stated, in this section, the main results of a selection of articles on the effects of the
active phase are reported. Most of them study copper-based catalysts, while only two cases are based
on noble metal catalysts, palladium, or platinum.

Tonelli et al. investigated the stability of copper supported on ceria in MSR [156]. The ceria support
was prepared by precipitation method with ammonium hydroxide from a solution of cerium (III)
nitrate, while the catalyst was obtained by incipient wetness impregnation of the support with a copper
(II) nitrate solution. The MSR tests were carried out on the catalyst, without reduction, at atmospheric
pressure, at three temperatures (260, 280, and 300 ◦C), with a gaseous mixture of methanol, water,
and nitrogen. The total flow rate was 82 mL·min−1, with a methanol molar percentage of 5% and a
H2O/CH3OH molar ratio equal to 1.2, while the catalyst weight was 300 mg. The activity was evaluated
under steady-state conditions during a time-on-stream of 60 h and under shutdown–start-up operation,
under inert conditions. In all experiments, the initial methanol conversion was higher than 80% and
the selectivity to hydrogen was 100%; however, the activity decreased with the time-on-stream. In the
case of steady-state conditions, the conversion losses were 76% at 300 ◦C, 78% at 280 ◦C, and 67%
at 260 ◦C after 3000 min in reaction, while the catalyst was regenerated by air treatment at 400 ◦C.
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For the discontinuous mode, the initial conversion and conversion until 500 min were the same as that
obtained under the continuous regime. Moreover, after the stop period, the activity was recovered
and self-activation occurred. The X-ray photoelectron spectroscopy (XPS) spectra suggested that the
deactivation was mainly attributed to the adsorption of carbonate or formate species, which can be
desorbed under inert flow or air burning. The Cu 2p XPS spectra sample after reduction and after
inert treatments showed a decreased Cu surface content, which could be due to the Cu migration
out of the ceria lattice or to the redispersion of the Cu particles; moreover, an overreduction of ceria
may have also occurred. The effect of Cu loading (Cu = 7, 10, or 15 at%) on CeXZr1-XO2 (x = 0.4, 0.5,
0.6, 0.7, and 0.8) solid solutions was investigated by Das et al. [157]. The catalytic activity tests were
performed in the temperature range of 200–330 ◦C, at atmospheric pressure, with a steam/methanol
ratio of 1.1 (mol/mol), using nitrogen (23.5 mL min−1) as the carrier and internal standard at a gas
hourly space velocity (GHsV) of 40,000 h−1. The results showed that the most-active catalysts had a
Ce/Zr ratio equal to 0.6 and Cu loading of 10 and 15 at%; the MSR behaviour was found to be sensitive
to the pretreatment, as evident in the case of the 10 at%Cu/Ce0.6Zr0.4O2 and 15 at%Cu/Ce0.6Zr0.4O2

catalysts, which perform better without pretreatment for the former and in the regenerated form for
the latter. The time-on-stream activity tests showed a constant decrease of the CH3OH conversion over
50 h for both 10 at%Cu/Ce0.6Zr0.4O2 and 15 at%Cu/Ce0.6Zr0.4O2 catalysts; the XPS analysis showed
that the surface atomic ratio of copper decreased from 5.9% before the activity tests to 1.4% after the
activity test, demonstrating that the formation of reduced Cu is accompanied by sintering; moreover,
carbon formation also occurred. These results suggested that the formation of large aggregates of copper
covered with coke could be responsible for the loss in activity. After the regeneration, these aggregates
break into a mixture of oxidized (Cu2+) and reduced (Cu0 and Cu+) copper species and the catalysts
recover the activity, suggesting a correlation between the activity and different proportions of copper
components in the various forms of these catalysts. Deshmane et al. studied the effect of Cu loading
(Cu = 5–20 wt.%) on high surface area MCM-41 prepared by one-pot synthesis [158]. The Cu-MCM-41
catalysts were reduced before the catalytic activity tests with 4% hydrogen in argon at 550 ◦C for
5 h. The tests were carried out at atmospheric pressure with a mixture CH3OH/H2O (molar ratio
= 1:3) at a GHSV of 2838 h−1 in the temperature range of 200–350 ◦C. The results showed that the
methanol conversion increased with the increase of the Cu loading until 15 wt.% for Cu-MCM-41,
which showed≈89% conversion, 100% hydrogen selectivity, and 0.8% CO selectivity at 300 ◦C. A further
increase of copper loading was detrimental; methanol conversion decreased to about 77% when the Cu
loading was 20 wt.%. This result was attributed to the decrease in catalysts’ surfaces area leading to a
decrease in Cu dispersion. The time-on-stream test was carried out on 15wt.% Cu-MCM-41 and 20wt.%
Cu-MCM-41, with the latter showing strong resistance to deactivation at 48 h of reaction, suggesting
that the use of a high surface area MCM-41 support significantly enhanced the stability of Cu-based
catalysts. The thermogravimetric analysis of the spent catalysts showed the presence of ~1.3% and
~2.1% carbon for 15% Cu-MCM-41 and 20% Cu-MCM-41 catalysts, respectively. Xu et al. studied the
effect of the preparation method on the catalytic activity of Cu-based composite oxide catalysts for
MSR [159]. Two catalyst were prepared, the first (Cu-ZnO-Al2O3-ZrO2-Ga2O3 with Cu/Zn/Al/Zr/Ga =
14.9:30.9:3.9:10.8:1.9 mass ratio) by urea co-precipitation and active carbon co-nanocasting technique,
and the other (Cu-ZnO-Al2O3-ZrO2-Ga2O3 with Cu/Zn/Al/Zr/Ga = 13.3:28.2:3.9:10.0:1.8 mass ratio)
by conventional co-precipitation method. The catalytic activity tests were performed at atmospheric
pressure, with a methanol solution (CH3OH/H2O = 1:1 molar ratio), a liquid flow rate of 0.03 mL·min−1,
and a Freactant·Wcat

−1 = 6000 mL*gcat
−1 h−1. The results highlighted the better performance of the

catalyst obtained with the active carbon co-nanocasting technique in terms of methanol conversion,
hydrogen selectivity, and turnover frequency (TOF) values; moreover, no CO formation was reported.
This trend was also confirmed in the stability tests carried out at 275 ◦C for 70 h, which showed a
slight deactivation for the catalysts prepared with the active carbon co-nanocasting technique, while a
continuous deactivation occurred in the other case. This result was attributed to the smaller Cu particle
size distribution and higher metal–support interaction obtained with the active carbon co-nanocasting
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technique. Moreover, the temperature-programmed oxidation (TPO) profiles of this catalyst after the
stability test showed a peak at 252 ◦C and a shoulder at 451 ◦C, which were assigned to the deposition
of amorphous carbon. The TPO of the catalysts obtained by conventional co-precipitation method after
the stability test showed two peaks at 411 and 657 ◦C; the second one was attributed to the formation
of graphitic coke, which is more stable and oxidizable only at high temperatures. Thattarathody and
Sheintuch investigated the kinetic and dynamic behaviour of MSR on a CuO/ZnO/Al2O3 commercial
catalyst at various steam-to-carbon ratios (S/C= 0, 0.5, 1), in a steady state and with temperature ramping
conditions (140–300 ◦C) [160]. High activity was observed above 200 ◦C; moreover, rate oscillation
was observed under isothermal conditions at a steam-to-carbon ratio equal to 1, as evident in the
volumetric product compositions shown in Figure 10.
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Figure 10. Comparison of product compositions during methanol steam reforming (S/C = 1) with an
Ar flow of 10 mL/min (left) and 50 mL/min (right) [160].

After the tests, scanning TPO experiments were carried out to evaluate the amount of coke
produced with the three different steam-to-carbon ratios (0, 0.5, and 1.0), obtaining 0.0187, 0.017,
and 0.018 g of carbon per g of catalyst, respectively. Bagherzadeh et al. studied the effect of the
exposition of CuO/ZnO/Al2O3 catalysts prepared by hydrothermal and co-precipitation methods for
glow-discharge plasma for 45 min at 1000 V in MSR [161]. The catalytic activity tests were carried
out in the temperature range of 180–300 ◦C, at a GHSV of 10,000 cm3·gcat

−1
·h−1; the volumetric

flow rate of the argon carrier gas was set on 66.7 cm3·min−1 and the H2O/CH3OH molar ratio was
approximately equal to 1.5. The characterization results demonstrated the benefits of coupling the
co-precipitation method with glow-discharge plasma. X-ray diffraction (XRD) patterns highlighted
the better dispersion of CuO (111) and another crystallite facet. Moreover, the SEM micrographs
showed a more uniform distribution of isomorph particles, which had a smaller particles size and
better surficial morphology, and the BET analysis demonstrated a higher specific surface area for the
sample obtained by co-precipitation and following treatment with plasma. Accordingly, the results of
the catalytic activity tests showed higher methanol conversion and better selectivity for the catalyst
prepared by plasma-assisted co-precipitation method. For example, the methanol conversion and CO
selectivity at 240 ◦C were 95% and 0.24%, respectively; in addition, the time-on-stream test showed no
significant deactivation over 900 min of reaction. Ajamein et al. studied the effect of fuel type (sorbitol,
propylene glycol, glycerol, diethylene glycol, or ethylene glycol) in the preparation of CuO/ZnO/Al2O3

nanocatalysts obtained by microwave-enhanced combustion method for MSR [162]. The catalytic
activity tests were carried out in the temperature range of 160–300 ◦C, with a methanol/water ratio
equal to 1.5. The results showed that the best performance was related to the use of ethylene glycol
as fuel in the preparation of the catalyst. The characterization results demonstrated that sorbitol led
to the formation of copper oxide species that were more crystalline in structure and assured a lower
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dispersion of crystallite active sites, especially the Cu(111) facet. The use of ethylene glycol resulted
in a homogeneous morphology and narrow particles size distribution (the average surface particle
size was about 265 nm). The catalytic activity tests highlighted the better performance of the catalyst
prepared with the assistance of ethylene glycol, which showed total methanol conversion at 260 ◦C,
with a negligible CO selectivity. The stability tests of the catalysts obtained by sorbitol and propylene
glycol showed total conversion during the first 600 min and a considerable drop over a further 800 min.
On the other hand, no deactivation occurred with the catalyst prepared by ethylene glycol. Among the
polyol used, sorbitol had the highest polarity, facilitating the growth of Zn (002) crystals as the polar
facet of zinc crystallites, improving the carbon monoxide formation. A comparative study on the use of
different active metals supported on M-MCM-41 (M: Cu, Co, Ni, Pd, Zn, and Sn), prepared by one-pot
hydrothermal procedure, was proposed by Abrokwah et al. [163]. The activity tests were carried out
under the same conditions previously reported [158], highlighting the best performance of the Cu-based
catalyst, which showed methanol conversion of 68%, hydrogen selectivity of 100%, and CO selectivity
of 6% at 250 ◦C. On the other hand, PdMCM-41 and Ni-MCM-41 catalysts showed reduced activity
for the water–gas shift reaction, resulting in higher CO selectivity. The stability tests were carried out
at 300 ◦C for 40 h; the Cu-MCM-41 catalyst displayed an initial increase in the conversion with time
due to the unsteady state; thereafter, the conversion stabilized at ≈74% and no apparent deactivation
occurred with a further 30 h of reaction. Except for Cu-MCM-41 and Co-MCM-41, all the other catalysts
showed a decreasing trend for methanol conversion, which was attributed to coking and sintering.
The thermogravimetric analysis differential scanning calorimeter (TGA-DSC) thermograms showed a
nominal (absolute) 0.25%–0.96% coke formation between 400 and 570 ◦C that was attributed to the
formation of amorphous and graphitic carbon. TPD studies on cobalt-manganese oxides demonstrated
that the reaction paths of adsorbed methanol lead to decomposition to CO and H2, as well as formation
of stable surface formates, which decompose at higher temperatures to CO2 and H2 [164]. Li et al.
investigated the catalytic activity of Mn-, Fe-, Co-, Ni-, Cu-, and Zn-based catalysts in the methanol,
acetic acid, and acetone steam reforming [165]. The activity tests for MSR were performed with a
steam-to-carbon ratio equal to 5 and a liquid hourly space velocity (LHSV) of 12.7 h−1 at atmospheric
pressure, in the temperature range of 200–500 ◦C. The results showed that Mn-, Fe-, and Zn-based
catalysts were not active in MSR due to the low ability to break the chemical bonds or to activate
the steam. On the contrary, Cu- and Co-based catalysts were both active; however, Co promoted
methanol decomposition, showing higher CO selectivity. The supported metals showed different
catalytic behaviour with respect to the unsupported one; for example, in MSR, the unsupported Cu
catalysts showed lower stability than the supported one, which rapidly deactivated (Figure 11).
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Figure 11. Time-on-stream tests (MSR) for Cu/Al2O3 (a) and Cu (b) catalysts. Reaction conditions:
S/C = 1.5; T = 500 ◦C; LHSV = 12.7 h−1; P = 1 atm [165].
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It is worthwhile noting that the TPO profiles and the thermogravimetric analysis of the catalyst
used in acetic acid and acetone steam reforming demonstrated the formation of a large amount of
coke for all the catalysts. Conversely, carbon formation was really low in the case of MSR. Maiti et al.
investigated the catalytic activity towards the MSR of a series of copper-ion-substituted CuMAl2O4

(M =Mg, Mn, Fe and Zn) spinels prepared via single-step solution combustion synthesis [166].
The catalytic activity tests were carried out in the temperature range of 200–330 ◦C, under atmospheric
pressure, with a steam/methanol ratio of 1.1 (molar basis), at a GHSV of 30,000 h−1. Among the
studied catalysts, the Cu0.1Fe0.9Al2O4 was the most active, showing methanol conversion of ≈98%
and CO selectivity of ≈5% at 300 ◦C. On the other hand, the analogous impregnated catalyst,
10 at%CuO/FeAl2O4, showed less catalytic activity. The time-on-stream tests showed a decrease of the
methanol conversion from 50% to 35% over 20 h of reaction at a temperature of 250 ◦C. The evaluation
of the XRD and high-resolution transmission electron microscopy (TEM) analysis showed the formation
of a stable spinel phase containing substitutional copper ions, which stayed intact after 20 h of reaction.
The decrease in the activity after the time-on-stream tests was attributed to the sintering of the catalyst,
which also caused lowering of the copper surface concentration. Cu-Ni-Al spinel catalysts prepared by
solid-phase method using copper hydroxide, nickel acetate, and pseudoboehmite as starting materials
were studied by Qing et al. [167]. The results showed that Cu-Ni-Al spinels with molar ratios of 1:0.05:2
and 1:0.05:3 can be prepared at a calcination temperature ranging from 900 to 1100 ◦C; the spinel content
increased with the calcination temperature. The catalytic performance was related to the calcination
temperature of the catalyst, so the catalyst obtained at 1000 ◦C showed the best catalytic performance.
The stability tests carried out at 255 ◦C and a weight hourly space velocity (WHSV) of 2.18 h–1 showed
no significant deactivation after 300 h; however, the diffractograms of the spent catalysts showed a shift
of the peaks to high angles, confirming a gradual release of Cu during the reaction process. Luo et al.
developed nano-NiXMgYO solid-solution oxides prepared by impregnation, hydrothermal treatment,
and co-precipitation as catalysts for MSR [168]. The catalytic activity tests were carried out under
atmospheric pressure with a mixture of water and methanol (molar ratios of 1 or 3) and a GHSV of
92,000 mL·gcat

−1·h−1 or 114,000 mL·gcat
−1·h−1, at four different reaction temperatures (400, 500, 600,

and 700 ◦C). The best performance was obtained with the catalyst prepared by hydrothermal method,
with methanol conversion of 97.4% and a hydrogen yield of 58.5%, which was maintained for 20 h
at a steam-to-carbon ratio of 3. This superior catalytic activity was attributed to the nanoscale active
phase and to the high micropore volume; moreover, the excellent anticarbon deposition capability was
attributed to the formation of the solid solution, which was able to prevent the agglomeration of nickel
particles, and to the high basicity of the magnesium oxide supports, which supplied oxygen from
the adsorbed CO2 and H2O to burn off the amorphous carbon. Zeng et al. reported a study on the
preparation and use of Pd/ZnO-based catalysts in MSR, which were synthesized by reduction with
NaHB4 from Pd ions supported on a zeolitic imidazolate framework-8 (ZIF-8) [169]. The activity tests
were carried out with various methanol/water molar ratios ranging from 1 to 6, in the temperature
range 250–380 ◦C, with a flow rate from 0.01 to 0.2 mL·min−1. The activity of two catalysts that
were synthesized by reduction and calcined at 400 and 450 ◦C, respectively, was compared to that of
two catalysts obtained by wet impregnation method and to that of a commercial CuO/ZnO/Al2O3

catalyst. The best performance in terms of methanol conversion (97%), CO2 selectivity (86.3%),
and stability after a time-on-stream test of 50 h was obtained with the catalyst prepared by reduction
and calcined at 450 ◦C. This result was attributed to the larger surface area, the evenly distributed
PdZn alloy activity sites, and abundant oxygen vacancies. A reaction mechanism was also suggested,
in which the PdZn surface stabilizes the intermediate methyl formate and could provide a benefit to
the adsorption of hydrogenated O-anchored species, such as HCOOH, H2CO, and CH3OH. Defects
are able to alter the adsorption characteristics of these molecules, promoting dissociation; moreover,
surface oxygen can enable water dissociation at low coverage, which is the key kinetic step in water
splitting. Finally, the CO formation can be disfavored by the oxygen vacancies in the ZnO support.
Claudio-Piedras et al. investigated the effect of the platinum precursor in Pt nanocatalysts supported
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on CeO2 nanorods in MSR [170]. The catalysts were prepared by impregnation with Pt(NH3)4(NO3)2,
(CH3-COCHCO-CH3)2Pt, and H2PtCl6*6H2O. The best performance was obtained with the catalysts
prepared from the nitrate precursor, showing higher hydrogen yield and methanol conversion
ascribable to the improved redox process, as well as to the better Pt dispersion on the surface of ceria,
which promoted the water–gas shift (WGS) reaction at moderate temperatures. The time-on-stream
tests highlighted the high stability of all the catalysts, with no significant deactivation observed after
24 h of reaction.

3.2. The Role of the Support

In this section, some studies on the effect of the support on the catalytic behaviour are reported,
focusing on the preparation method, the effect of the precursors, and on the type of phase; in one
article, a comparative study on the use of different supports is also discussed.

Barrios et al. prepared and tested two series of palladium catalysts in the MSR reaction,
supported on ZnO-CeO2 nanocomposites (Zn/Ce = 0.5, 1 or 2) and obtained by co-precipitation
using oxalate or carbonate precursors [171]. For comparison, a series of catalysts were prepared by
impregnation of mixed oxides, obtained through the incorporation of ZnO onto ceria by incipient
wetness impregnation with two nominal loadings (3.5 wt.% and 11 wt.%), and by impregnation of
ceria and ZnO with palladium acetate. The catalytic activity tests were carried out in the temperature
range of 125–350 ◦C, with a gas mixture of CH3OH/H2O (1/1) diluted in He (16 vol.%) at a GHSV of
71,500 cm3h−1g−1 and a W/F0

CH3OH ratio, defined as the catalytic mass normalized for the methanol
volumetric flow rate of 174 g·h·mCH3OH

−3. XPS spectroscopy and the CO chemisorption experiments
highlighted the formation of bulk and surface PdZn alloys in the ternary catalysts. The 2 wt.%Pd/CeO2

catalyst caused CO decomposition at 250 ◦C and reversed the water–gas shift at higher temperatures.
The MSR occurred in all catalysts in which ZnO was present; however, the catalysts prepared
by impregnation of the supports obtained by carbonate co-precipitation showed the highest CO2

selectivity due to the better dispersion of the ZnO phase. The time-on-stream tests carried out over
50 h of reaction showed that in the case of Pd/CeO2, the methanol conversion (80%) and the CO2

selectivity (8%) remained constant after 18 h on stream. The Pd/ZnO sample displayed a continuous
decrease of methanol and water conversion; however, CO2 selectivity remained almost constant at 90%.
Both nanocomposite-supported Pd catalysts showed deactivation during the first 24–28 h, followed by
stabilized methanol conversions of 53% and 40% for the Pd/ZnO–CeO2 and Pd/ZnO/CeO2 samples,
respectively, with selectivity of 80%. The PdZn alloy formation seems to play a crucial role in preventing
the methanol decomposition and in releasing hydrogen via inverse spillover, while the reforming
reaction takes place mostly on the oxidized surface. Even though the nanocomposite-supported
catalysts were less active and selective than the Pd/ZnO catalysts, they showed much more stability,
so that the CeO2 acted similarly to an “active dispersant of ZnO”. Ajamein et al. investigated the
effect of the precursor type, ultrasound irradiation, and urea/nitrate ratio on the catalytic performance
of CuO/ZnO/Al2O3 nanocatalysts prepared by ultrasound-assisted urea–nitrate combustion method
in methanol steam reforming reaction [172]. The results showed that the use of boehmite precursor
instead of aluminium nitrate reduces the crystallite size, increases the dispersion, and enhances the
specific surface area of copper and zinc species. Comparing sonication and conventional mechanical
mixing, the mixing of primary gel provided nanocatalysts with improved homogeneity. Moreover,
the CuO and ZnO crystallite sizes and the specific surface areas increased with the urea/nitrate ratio.
The best performance in the catalytic activity tests in term of methanol conversion and hydrogen
yield were obtained with the catalyst prepared from boehmite with a urea/nitrate ratio equal to 1
obtained by ultrasound irradiation, due to the smaller crystallite sizes and to the highly dispersed
particles. This catalyst was also subjected to a time-on-stream test at 240 ◦C for 1200 min, with a
H2/CH3HO ratio of 1.5 at a GHSV of 10,000 cm3g−1h−1, showing a decrease in methanol conversion
from 100% to 90%. Lin et al. reported the use of platinum atomically dispersed on α-molybdenum
carbide for low-temperature (150–190 ◦C) aqueous-phase methanol reforming, with an average TOF of
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18,046 moles of hydrogen per mole of platinum per hour [173]. The exceptional hydrogen production
was attributed to the outstanding ability of α-MoC to induce water dissociation, and to the synergy
between platinum and α-MoC in activating methanol with a 0.2 wt.%Pt/α-MoC catalyst. DFT studies
demonstrated that the α-MoC support is able to provide highly active sites for water dissociation,
with an activation energy of 0.56 eV, thus offering abundant surface hydroxyls and accelerating the
methanol-reforming reaction at the interface between Pt1 and α-MoC. Moreover, the geometry of the
well-dispersed Pt1 maximizes the exposed active interface of Pt1/α-MoC and increases the density of
active sites for the reforming reaction. In a more recent study, Cai et al. investigated Zn-modified
Pt/MoC catalysts (Zn loading = 0–9.8%) prepared by temperature-programmed reaction method in
low-temperature methane steam reforming [174]. The activity tests were performed with H2O and
CH3OH at a molar ratio of 3:1, in the temperature range of 120–200 ◦C. The Zn doping favored the
formation of α-MoC1-x phase, enhancing the Pt dispersion and the interactions between α-MoC1-x
and Pt active sites. The 0.5Zn-Pt/MoC catalyst exhibited good performance in terms of hydrogen
production, low CO selectivity, and good stability at 120 ◦C. However, at temperatures higher than
140 ◦C, the catalytic activity of this catalyst decreased during the initial stage of reaction, due to the
sintering of Pt particles and to the change of α-MoC1-x phase. A treatment with a 15 vol.% CH4/H2

gas at 590 ◦C for 2 h was able to increase the catalytic activity of the spent 0.5Zn-Pt/MoC catalyst;
however, the deactivation of the catalyst was inevitable. Liu et al. investigated the effects of supports
in Pt/In2O3/MOx catalysts (MOx = γ-Al2O3, MgO, Fe2O3, La2O3, or CeO2) with Pt loading of 1 wt.%
and In2O3 loading of 3 wt.% in MSR in the temperature range of 250–400 ◦C [175]. The catalytic
activity tests were carried out in a flowing-type quartz tube (I.D. = 6.0 mm), at a GHSV of between
12,870 h−1 and 38,610 h−1, with a steam-to-carbon ratio of between 0.6 to 1.8. The activity tests
showed that the prereduced 1Pt/3In2O3/CeO2 catalyst exhibited the highest activity among the studied
catalysts, with methanol conversion of 98.7%, hydrogen selectivity of 100%, and CO selectivity of
2.6% at 325 ◦C, with a steam-to-carbon ratio of 1.4 and a GHSV of 12,870 h−1. These results were
related to the active metal dispersion and enhanced redox properties associated with the strong
interactions among Pt, In2O3, and CeO2. Moreover, the 1Pt/3In2O3/CeO2 catalyst showed good stability
in the time-on-stream test over 32 h. Díaz-Pérez et al. studied the Cu-based catalysts supported
on SiO2, Al2O3−SiO2, TiO2 rutile, and TiO2 anatase metal oxides for MSR [176]. The catalysts were
prepared by wet impregnation with a loading of 20 wt.%, while the activity tests were carried out
with a steam-to-methanol ratio of 1:1.5. The results showed that on highly acidic supports such as
Al2O3−SiO2, the methanol conversion decreased with the TOS due to carbon formation. On TiO2

anatase, the catalytic activity and stability was significantly lower than that on TiO2 rutile, probably
due to the differences in adsorbate−surface binding on rutile and anatase. The catalyst supported
on nanosized SiO2 showed the highest catalytic activity and selectivity. Time-on-stream tests were
performed for over 80 h of reaction at low and high pressures, and no deactivation occurred; however,
metal sintering was observed by means of HRTEM and XRD. The high activity and selectivity of
Cu/SiO2 was attributed to the low acid site concentration. Tahay et al. compared the performance
of cubic and hexagonal phases of ZnTiO3 with TiO2 and ZnO as catalyst supports in MSR [177].
The ZnTiO3 phases were synthesized by sol–gel method, while copper was used as the active phase.
The tests were carried out in the temperature range of 150–300 ◦C at a WHSV 1 h−1 under atmospheric
pressure, with a mixture of N2/H2O/methanol at a ratio of 6:2:1. The results of the activity test showed
that the Cu/cubic-ZnTiO3 catalyst exhibited high activity, high hydrogen selectivity. and low coke
formation due to low–moderate acid sites in the cubic sample; moreover, the trend of methanol
conversion at 300 ◦C is Cu/cubic-ZnTiO3 > Cu/TiO2 > Cu/hexagonal-ZnTiO3. Time-on-stream tests
showed a higher decrease of the methanol conversion of the ZnTiO3 hexagonal-based catalyst compared
to the cubic-based one at 42 h of reaction. The thermogravimetric analysis revealed the presence
of three weight losses: the first one between 25 and 200 ◦C was attributed to the water elimination,
the second between 200 and 400 ◦C to the low-temperature oxidation of the copper, while the weight
loss after 400 ◦C was attributed to the coke burning. The amount of deposited carbon in the case
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of Cu/cubic-ZnTiO3 was negligible; thus, the deactivation was only attributed to the Cu sintering
process. The coke resistance of the Cu/cubic-ZnTiO3 catalyst could be related to the high CO2/CO ratio,
which reduces the CO disproportionation on the catalysts’ surfaces.

3.3. The Effect of the Addition of Promoters

In this section, a selection of recently published articles on the effect of promoters on the catalytic
activity in MSR is reported. The sequence is settled based on the kind of promoter.

Talkhoncheh et al. studied the effect of the preparation method and the CeO2 promotion effect on
CuO/ZnO/Al2O3/ZrO2-based nanocatalysts in the MSR reaction [178]. The catalysts were prepared
by means of urea–nitrate combustion synthesis and homogeneous precipitation method; the catalytic
activity tests were carried out at a temperature range of 200–300 ◦C under atmospheric pressure at a
GHSV of 10,000 cm3gcat

−1·h−1, feeding a mixture of H2O/MeOH with a ratio equal to 1.5. The XRD
analysis and FESEM images showed that the homogeneous precipitation method and the CeO2

addition improves the dispersion, decreases the particle size, decreases the relative crystallinity of
CuO and ZnO species, and enhances the surface homogeneity. The activity tests showed that the
catalyst obtained by homogeneous precipitation method was more active in terms of high methanol
conversion and low CO selectivity. Moreover, the CeO2 addition decreased the CO selectivity and
reduced the methanol conversion. The stability test carried out on the ceria-promoted catalyst
prepared by urea precipitation method showed no deactivation after 1200 min of time-on-stream.
In fact, CeO2 was able to oxidize the carbon deposited on the nanocatalyst’s surface. Taghizadeh et al.
investigated the activity of cerium-promoted copper-based catalysts synthesized via conventional
and surfactant-assisted impregnation methods using KIT-6 as support in MSR [179]. The activity
tests were carried out at atmospheric pressure, with a methanol-to-water molar ratio of 1

2 and at
a WHSV of 2 h−1. The results demonstrated that the incorporation of cerium oxide improved the
performance of the Cu/KIT-6-based catalysts due to the higher dispersion and to the smaller size of
Cu particles; moreover, the surfactant-assisted impregnation enhanced the physiochemical properties
of the resulting Ce-promoted catalysts. The catalyst prepared with this method showed methanol
conversion of ≈92%, hydrogen selectivity of 99%, and negligible CO selectivity (0.9%) at 300 ◦C.
These results were attributed to the presence of the CTAB surfactant, which hindered the metal species
migration during the drying and decreased the sintering during the calcination. The time-on-stream
tests highlighted the stability of the Ce-promoted catalysts, with no significant deactivation observed
over 24 h of reaction time. Phongboonchoo et al. investigated the catalytic activities of Ce-Mg-promoted
Cu/Al2O3 catalysts prepared by co-precipitation in MSR [180]. The activity tests were carried out with
a methanol/steam ratio of 1.5, 1.75, or 2, diluted in He at a temperature range of 200–300 ◦C. The results
showed that the methanol conversion and hydrogen yield were higher with the monopromoted
catalysts (Cu0.3Mg0.3/Al2O3 and Cu0.3Ce0.3/Al2O3) than those without a promoter, probably due to
the higher dispersion of copper species and to the strong interaction between copper and ceria,
which lessened the catalyst reduction. Moreover, the performance of the bipromoter catalyst showed
higher methanol conversion, higher hydrogen yield, and lower CO selectivity than the monopromoted
catalyst. The increase in the catalytic activity was attributed to the formation of smaller Cu crystallites,
improved copper dispersion, and lower reduction temperature. The effect of the steam-to-carbon
ratio was also investigated, demonstrating that a lower CO selectivity was obtained with a ratio of
2. Moreover, in order to optimize the reaction conditions, a theoretical study was also performed
via a face-centered central composite design response surface model (FCCCD-RSM). The analysis
was carried out on four main factors (temperature, steam-to-carbon ratio, Cu weight percentage,
and magnesium weight fraction: Mg/(Ce+Mg)) by building a matrix and varying each factor within
the level of the other factors. The results were analyzed using the Design-Expert 7.0 software package
(Stat Ease Inc., Minneapolis, MN, USA), using analysis of variance and the percentage contribution
of each factor to the responses. At a 95% confidence interval, the optimal operating region for
maximal methanol conversion (100%) and hydrogen yield in the range of 28.9–29.4%, as well as CO
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selectivity of 0.16–0.18%, provided a copper level of 46–50 wt.%, a Mg/(Ce+Mg) yield of 16.2–18.0 wt.%,
a temperature of 245–250 ◦C, and a steam-to-carbon ratio of 1.74–1.80 (Figure 12).
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Figure 12. Contour plots for the optimal conditions for the methanol conversion (a); CO selectivity (b);
H2 yield (c) [180].

These results were compared to the catalytic activity of Cu0.5Ce0.25Mg0.05/Al2O3 in a time-on-stream
test of 72 h under the optimal operating parameters, showing complete methanol conversion and a CO
selectivity of 0.14–0.16% with a hydrogen yield of 24–25%; furthermore, no deactivation occurred.

Hou et al. proposed Cu-Al spinel oxide as a sustained release catalyst for MSR, in which the surface
modification of the spinel was performed with MgO [181]. The Cu-Al spinel with a Cu/Al atomic
ratio equal to 1:3 was prepared by solid-phase method, where MgO was loaded by incipient wetness
impregnation (loading = 0.9, 1.7, 3.6, and 9.5%); a reference catalyst 9.5%Mg/Al2O3 was also prepared.
The catalytic tests were carried out with a methanol-to-water molar ratio of 0.46, the methanol WHSV
was 0.98 h−1, and the reaction temperature was 255 ◦C. The characterization results showed that the
MgO strongly interacts with the Cu-Al spinel by changing the surface microstructure. Mg2+ cations
were incorporated into the spinel structure, substituting a portion of Cu2+ in the lattice. The doped
catalysts showed a higher reduction temperature, lower copper releasing rate, and smaller copper
particle size. The addition of suitable amounts of magnesium oxide to the Cu-Al catalyst enhanced the
catalytic activity and stability; the best performance was obtained with 1.7%Mg/CuAl.
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The evaluation of coke formation on the spent catalysts demonstrated a correlation with the
amount of the MgO loading. In the CO2-TPD profiles, two oxidation peaks were found; the peak
at 150-300 ◦C was attributed to the decomposition of formate, while the peak at 300–500 ◦C was
attributed to the decomposition of carbonate. For the catalysts with low loading (≤1.7 wt.%), the low
temperature peak was dominant; on the contrary, for the catalyst with high loading (9.5 wt.%), the high
temperature peak was dominant. A correlation between the catalytic activity and the high temperature
desorption peak was also found; thus, the lower activity of the catalysts with MgO loading higher than
1.7% was attributed to a coverage effect. The active copper was blocked by the dynamic formation
of carbon deposits during the catalytic reaction. Moreover, lower Cu release rates were observed
with the increase of MgO loadings and the Cu released was not able to sustain the catalytic activity;
thus, fast deactivation was found for the 9.5%Mg/CuAl catalyst. Liu et al. investigated the use of
CuOZnOxGa2O3-Al2O3 and CuOZnOxGa2O3-ZrO2 catalysts (Ga wt.% = 0–12.4) prepared by sol–gel
method in the MSR reaction [182]. The catalytic activity tests were performed at 250 and 275 ◦C at a
GHSV of 2,200 h−1, with a mixture CH3OH/H2O/N2 in a 1:1:1.3 molar ratio. The characterization results
showed that the addition of alumina and zirconia increased the specific surface area and modified
the reduction temperature of the CuOZnOGa2O3 catalytic system. Zirconia promotion provided the
highest reducibility and best performance in MSR for both studied temperatures. The introduction
of Ga2O3 enhanced the hydrogen production rate but did not improve the stability of the CuZn
system. The CuZn3Ga2O3ZrO2 catalysts showed higher stability. The hydrogen production rate at
275 ◦C after 44 h was 312 mLgcat

−1min−1, with methanol conversion of 75%. The TPO and TG mass
spectrometry analyses demonstrated the presence of negligible amounts of carbon deposits below
250 ◦C. Mohtashami and Taghizadeh studied ZrO2-promoted Cu-ZnO/MCM-41 catalysts prepared by
sol–gel impregnation and modified impregnation methods in the MSR reaction [183]. The modified
impregnation method consisted of treating the MCM-41 support with acetic acid for 5 h at room
temperature before drying and calcining. The catalytic tests were performed in the temperature range
of 280–320 ◦C; at a WHSV of 1.08, 1.62, or 2.16 h−1; and with a methanol-to-water molar ratio of 1:2.
The inclusion of 2% ZrO2 to the Cu-ZnO/MCM-41 catalyst increased the methanol conversion from
90.6 to 94.0% at 300 ◦C. The promoted catalyst prepared through the modified impregnation method
showed the best performance, with methanol conversion of 97.8%, a hydrogen selectivity of 99.0%,
CO selectivity of 0.4%, and also good stability. Reduced deactivation was observed within 81 h in
the time-on-stream test. The evaluation of the amount of coke deposited on the catalyst’s surface
after the time-on-stream tests by thermogravimetric analysis showed a significant reduction of the
coke formation in the zirconia-promoted catalysts. This performance was attributed to the positive
effect of the acetic acid pretreatment on the support, which modified the MCM-41 surface through the
generation of oxyl groups, which were able to prevent metal particle aggregation, decrease the metal
particles size, and improve the dispersion and reduction behaviours of the CuO particles. Lu et al.
investigated the effect of the lanthanum addition and the effect of nickel loading on different supported
Ni-based catalysts [184]. The catalysts were prepared by co-precipitation wetness impregnation method;
the activity tests were carried out at a GHSV of 10,920 h−1, at atmospheric pressure, with a mixture
of MeOH/H2O (molar ratio = 3:1). The results demonstrated that the catalytic performance at low
temperature for Ni-based catalysts can be enhanced by the addition of lanthanum, due to the formation
of smaller and highly-dispersed NiO particles. The characterization results showed that lanthanum
species are able to interact with nickel oxide and aluminum oxide to generate La-Ni or La-Ni-Al
mixed oxides. The comparative study on the use of different supports showed that a weak interaction
occurred between SiO2 and NiO species, while with Al2O3, the NiAl2O4 spinel and separated NiO
particles located on the outer surface were formed. The use of the MgO support generated the
NiO-MgO solid solution, which decreased the amount of active nickel species. Azhena et al. studied
the effect of Cu promotion in Pd/ZrO2-based catalysts, along with the influence of the zirconia structure,
in low-temperature MSR [185]. The catalysts were prepared by wet impregnation and the catalytic
activity tests were carried out at atmospheric pressure with a steam-to-methanol ratio of 1.5, a contact
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time Wcat/FCH3OH
0 = 83 Kgcat·mol−1s−1, and in the temperature range of 180–260 ◦C. The results showed

that the use of monoclinic zirconia provides benefits both in terms of activity and selectivity; at the
same time, the selectivity is also improved by the addition of Cu. These improvements were attributed
to the enhanced dispersion of the metal phase on monoclinic zirconia and to the strong interaction
between Pd and Cu. Liu et al. studied the catalytic behaviour of 1wt.%Pt/xIn2O3/Al2O3 catalysts
(x = 0–45 wt.%) prepared by incipient wetness impregnation in the MSR reaction [186]. The catalytic
activity tests were carried out under atmospheric pressure in the temperature range of 200–500 ◦C.
The optimal performance was obtained with a reacting mixture of H2O/CH3OH (mole ratio = 1.4;
flow rate = 1.2 cm3·h−1) diluted in N2 (flow rate = 30 cm3·min−1), at a GHSV of 14,040 h−1 and at 350 ◦C,
with In2O3 loading of 30 wt.%. Under these conditions, the 1Pt/30In2O3/Al2O3 catalyst exhibited
complete methanol conversion, high hydrogen selectivity (99.6%), and low CO selectivity (3.2%).
The high activity was related to the intimate contact of Pt with partly reduced In2O3, which was
hypothesized to be the active site of the reforming reaction. The performance of the 1Pt/30In2O3/Al2O3

catalyst was also compared to that of the 1Pt/30ZnO/Al2O3 catalyst in a time-on-stream test of 17 h;
the higher activity and stability of 1Pt/30In2O3/Al2O3 was attributed to the enhanced dispersion of
metallic Pt, and to the synergistic effect and strong interaction between Pt and In2O3, which facilitated
the water activation, thus promoting the methanol reforming. Martinelli et al. investigated the effect of
the sodium doping on supported Pt-based catalysts in methanol steam reforming [187]. The support
was yttria-stabilized zirconia YSZ (Y/Z = 0.11) prepared by co-precipitation, while the catalysts were
obtained by sequential incipient wet impregnation with a platinum salt precursor (Pt loading 2 wt.%)
and sodium nitrate (Na loading 0.25, 0.5, 1, or 2.5 wt.%). The catalytic activity tests were carried out
in a steady state under a feed stream containing 2.9% CH3OH, 26.1% H2O, 29.9% H2, and 4.3% N2

(balance He) at atmospheric pressure, at a GHSV of 381,000 h−1, in the temperature range of 275–350 ◦C.
The catalysts were activated in hydrogen (100 cm3·min−1) at 350 ◦C for 1 h (ramp rate = 4 ◦C·min−1).
The results showed that with a 2.5 wt.% of Na loading, the CO2 selectivity was higher than 90%;
the product distribution was attributed to different reaction pathways for methanol decomposition.
Methanol decarbonylation was favored in the absence of sodium, while formate decarboxylation was
promoted in the presence of 2.5 wt.% of Na (Figure 13). These conclusions were supported from
the observed weakening of the C-H bond of formate in in situ diffuse reflectance infrared Fourier
transform spectroscopy (DRIFT) studies and kinetic isotope effect experiments. The formate exhibited
a ν(CH) stretching band at a low wavenumber, consistent with C–H bond weakening, thus favoring
the dehydrogenation that is directly related to the decarboxylation. The hypothesis is that formate is
similar to an intermediate; moreover, Na is able to favor the dehydrogenation and the selectivity can
be tuned between decarbonylation and decarboxylation based on the Na dopant level.
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Figure 13. Proposed MSR pathway on undoped Pt/YSZ (right) and Na-doped Pt/YSZ (left) [187].
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Zhang et al. investigated the activity of Au-based catalysts supported on modified montmorillonites
in MSR [188]. The tests were carried out at atmospheric pressure, in the temperature range of 250–500 ◦C,
with a CH3OH/H2O molar ratio of 1. Among the catalysts examined, Au-Ti-Ce/Na-bentonite showed
the best performance, with a methanol conversion of 72% and a hydrogen selectivity of 99% at 350 ◦C.
This result was attributed to the formation of the Au-Ce-Ti solid solution into the interlayer space of
the bentonite, leading to a high surface area, small Au particle size, and a large average pore volume
and diameter. The time-on-stream test showed no significant deactivation during 120 h of reaction
(Figure 14).
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Figure 14. Time-on-stream test. T = 400 ◦C, CH3OH/H2O = 1, 0.175 mL·h−1 [188].

Lytkina et al. studied the influence of the composition and structure of metal-oxide-stabilized
zirconia support (MXZr1−XO2−δ, M = Y, La, Ce) prepared by co-precipitation method in bimetallic
Cu-Ni and Ru-Rh catalysts for MSR [189]. The activity tests were carried out at atmospheric pressure
in the temperature range of 200–400 ◦C, with a mixture of methanol and water with a molar ratio
of 1/1, at a GHSV of 172 h−1. In this study, a bifunctional mechanism for MSR over the ZrO2-based
catalysts was proposed, in which methanol conversion proceeds on the metal atoms, while the
support provides the active sites for the water activation. In cerium-doped catalysts, the fraction
of trivalent cerium cations decreases with the increase of cerium amount; thus, the lower catalytic
activity for the catalysts with higher cerium loading can be ascribed to the interaction of defects,
clustering, or sintering. The lanthanum-doped catalysts showed higher activity than the yttrium
ones; however, the selectivity was lower. The Ru-Rh-based catalysts displayed higher activity in both
the MSR and the methanol decomposition reaction, which caused a drop in the selectivity. The best
performance was obtained with the Ni0.2-Cu0.8/Ce0.1Zr0.9O2-δ catalyst in terms of the hydrogen yield,
selectivity, and stability. Lu et al. studied CuZnAlOX catalysts prepared by co-precipitation method and
boron-modified/CuZnAlOX catalysts with various boron loadings (0.28%, 0.38%, 0.73%, 0.89%, or 4.10%)
prepared by impregnation method in MSR [190]. The catalytic tests were performed at atmospheric
pressure, at a GHSV of 9000 mL·g·−1·h−1, in the temperature range 160–310 ◦C, with a H2O/CH3OH
molar ratio of 3. The characterization results showed that the introduction of boron affected the
Cu dispersion and reducibility. The best performance was obtained with a boron loading of 0.38%;
the methanol conversion reached 93% due to the presence of higher specific surface area, lower reduction
temperature, and strong interactions between the boron and copper species, which suppressed the Cu
particle migration. Time-on-stream tests showed no deactivation of this catalyst over a period of 102 h
of reaction, except for a negligible change for the 0.38B/CuZnAlOX. Maiti et al. compared the catalytic
activity behaviour of sol–gel-synthesized nanostructured CuXFe1−XAl2O4 (0.3 ≤ x ≤ 0.8; where n = 30,
40, 50, 60, 70, and 80) hercynites with the corresponding catalysts prepared by solution combustion
synthesis in MSR [191]. The activity tests were performed at atmospheric pressure, in the temperature
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range 200–300 ◦C, at a GHSV of 30,000 h−1, with a gas stream molar ratio for methanol/water/nitrogen
of 1:1.1:8.4. The catalysts prepared by sol–gel method were more active than those prepared by
solution combustion synthesis; moreover, Cu doping enhanced the catalytic activity towards methane
steam reforming. The Cu0.8Fe0.2Al2O4 catalyst showed a methanol conversion of ∼80% and low CO
selectivity of 2%, even after 50 h of time-on-stream testing; this behaviour was explained as the result
of a partial breakdown of the spinel lattice during the reforming reaction, with the formation of CuO
followed by reduction to metallic copper, leading to a stable ratio between reduced and oxidized copper
(Cu0, Cu+)/Cu2+. XPS studies showed the presence of adventitious carbon; however, the difference
in the C1s signal from the fresh to the aged samples indicated a moderate carbon accumulation,
also demonstrating that the carbon accumulation was not severe. Song et al. studied the effects of
ZnO content on the performance of ZnyCe1Zr9Ox (y = 0, 0.5, 1, 5) in MSR [192]. The catalysts were
prepared by using conductive carbon black T100 as a hard template; the catalytic tests were conducted
at atmospheric pressure, in the temperature range of 200–500 ◦C, at a steam-to-carbon of 1.4, at a
GHSV of 5151 h−1. The best performance was obtained with the Zn1Ce1Zr9Ox catalyst, which showed
full methanol conversion and an improved hydrogen production rate of 0.31 mol·h−1gcat

−1 at 400 ◦C.
Moreover, the stability tests, which were carried out for 24 h, showed no deactivation and a CO
selectivity below 8%. The characterization results revealed the formation of a solid solution with the
incorporation of Zn2+ into the Ce1Zr9Ox lattice, which modulated the OLatt/OAds surface ratio and
generated a new Zn-O-Zr interfacial structure, increasing the CO2 selectivity. The CO2/CO intensity
ratio in the desorption peaks observed during CH3OH-TPD increased with the zinc molar ratio in the
catalysts until y = 1 (Zn1Ce1Zr9Ox catalyst) and decreased from y = 1 to y = 5 (Zn5Ce1Zr9Ox catalyst);
thus, the highest abundance of lattice oxygen in the Zn1Ce1Zr9Ox catalyst suppressed the undesired
CO formation.

3.4. Unconventional Reactor Configuration, Simulation, and Theoretical Studies

This section deals with recently published articles on the MSR, in which the reactor configuration,
in addition to being innovative compared to the conventional one (such as membrane or structured
reactors), assumes a dominant role in the catalytic activity. In addition, simulations and theoretical
studies have also been included.

Mateos-Pedrero et al. studied the effect of the surface area and polarity ratio of the ZnO
support on the catalytic activity of CuO/ZnO in MSR [193]. The surface area of ZnO was tuned by
changing of the calcination temperature, while the polarity ratio was modified by using different salt
precursors. The supports were prepared by a modified hydrothermal method, using two different
salt precursors, zinc acetate or zinc nitrate, and calcined at four different temperatures: 300, 350,
375, and 400 ◦C. The catalysts were prepared by impregnation of the support with copper nitrate
at pH = 6 using ammonium hydroxide, with a metal loading of 15 wt.% and calcined at 360 ◦C.
The results showed that the copper dispersion and surface area increased with the surface area
of the support and that the reducibility of the copper species increased with the polarity ratio in
the ZnO support. The activity tests showed a dependence from the surface area of the support,
and therefore from the Cu dispersion; moreover, the selectivity increased with the polarity ratio.
The best performance was obtained with the catalyst whose support was obtained from zinc acetate
and was calcined at 375 ◦C. This catalyst was tested in a Pd-membrane reactor in two different
experiments to evaluate the methanol conversion and gas selectivity stability in one case, and to
investigate the hydrogen recovery and hydrogen permeate purity under various operating conditions
in the other case. The first set of experiments showed that it is possible to reach 97% of methanol
conversion at 300 ◦C, 2.0 bar, and WHSV = 2.73 h−1, with good stability and selectivity. The second
set of experiments showed that it is possible to achieve a hydrogen recovery rate of ca. 75% and a
hydrogen permeate purity rate higher than 90% at 330 ◦C, 2.5 bar, and WHSV = 1.37 h−1. Kim et al.
carried out process simulation and design, as well as economic analysis, to evaluate the technical
and economic feasibility of MSR in a membrane reactor for ultrapure hydrogen production [194].
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The simulation was performed with Aspen HYSYS®; certain operating conditions were investigated,
such as the effects of the hydrogen permeance (1 × 10−5 − 6 × 10−5 mol·m−2·s−1·Pa−1), H2O sweep
gas flow rate (1-20 kmol·h−1), and reaction temperature (448–493 K) in a conventional packed-bed
reactor, using previously reported reaction kinetics. Improved performances regarding the methanol
conversions and hydrogen yield were observed for all the studied cases in the membrane reactor
configuration compared to the packed-bed configuration. Higher hydrogen permeance and H2O sweep
gas flow rates were beneficial for methanol conversion, but no further improvement was obtained for
H2O sweep gas flow rates over 10 kmol·h−1. A unit hydrogen production cost was also calculated,
showing a higher cost for the packed-bed reactor (9.37 $ kg·H2

−1) than for the membrane reactor
(7.24 $ kg·H2

−1). Köpfle et al. studied the activation and the catalytic performance in MSR of two
Zr-containing intermetallic systems, Cu-Zr and Pd-Zr [195]. Metal mixtures of Cu and Zr were prepared
with different stoichiometry ratios (Cu/Zr = 9:2, 2:1, 1:2). Moreover, two Pd-Zr systems were prepared
by ALD/CVD (atomic layer deposition/chemical vapour deposition) of zirconium(IV)tert-butoxide on
Pd and Zr foils (Pd/Zr ratio 2/1). The preparation of the corresponding Cu-Zr intermetallic catalyst
was carried out using the Cu foil. The transitions of the initial metal and intermetallic compound
structures in the active and CO2-selective states were monitored in MSR by an inverse surface science
and bulk model approach. The CO2 selectivity and the catalytic performance of the Cu-Zr system were
promising due to the formation of a beneficial Cu–ZrO2 interface. The two Pd-Zr systems showed
a low-temperature coking tendency, high water activation temperature, and low CO2 selectivity.
Zhou et al. reported a benchmark study in which the performance of porous Cu-Al fiber sintered felt,
constructed using the solid-phase sintering method, was compared to that of Cu fiber sintered felt and
Al fiber sintered felt. The fibers were impregnated with Cu/Zn/Al/Zr catalysts and used in a cylindrical
MSR microreactor [196]. The results showed that the Cu-Al fiber based catalyst gave higher methanol
conversion and hydrogen flow rates than the Cu- and Al-fiber-based catalysts. The rough-fiber-based
catalyst showed a much higher methanol conversion and hydrogen flow rate than the smooth one.
Moreover, the methanol conversion and hydrogen flow rate increased with the decrease of the Cu fiber
weight and the increase of the Al fiber weight. The best performance in terms of hydrogen production
was obtained with a three-layer Cu-Al fiber with 80% porosity and a 1.12 g Cu fiber/1.02 g Al fiber.
The time-on-stream tests showed a significant deactivation of the catalysts after 32 h due to the coke
formation. In further studies, a laser micromilling technique was reported for the fabrication of surface
microchannels on porous copper-fiber-sintered felts [197]. The effects of the surface microchannel
shape and catalyst loading on the activity in the MSR microreactor was investigated. The results
showed that the rectangular shape provided a lower pressure drop, higher average velocity, and higher
permeability compared to the stepped and polyline microchannels, as well as the highest methanol
conversion and hydrogen flow rate. Furthermore, in the latter case, the deactivation of the catalyst
observed during time-on-stream tests was attributed to the carbon deposition and catalyst loss.
Tajrishi et al. studied the use of Cu/SBA-15-based nanocatalysts in a parallel-type microchannel
reactor for MSR reaction [198]. SBA-15 was prepared by hydrothermal method, while the catalysts
were prepared by wetness impregnation method. The catalytic activity tests were carried out at
atmospheric pressure; the microchannel reactor walls were coated with the nanocatalysts and a mixture
of methanol and distilled water was injected into the microreactor by a syringe pump at various
flow rates (1.8, 2.4 and 3 mL·h−1) through a vaporizer at 150 ◦C. A series of reaction conditions was
evaluated on the 5%Cu/SBA-15 catalyst, such as the effects of the reaction temperature (260, 280, 300,
320, and 340 ◦C), the WHSV (32.76, 43.68, and 54.56 h−1), and the steam-to-carbon molar ratio (1, 2,
and 3) on the methanol conversion; hydrogen yield; and H2, CO, and CO2 selectivity. Moreover,
the effects of promoters were investigated by performing a series of experiments at 300 ◦C at a weight
GHSV of 43.68 h−1 and at a steam-to-carbon molar ratio of 2 on the following catalysts: xCu/SBA-15
(x = 5, 10 and 15 %), 10%Cu/yZnO/SBA-15 (y = 5, 10 and 15 %), 10%Cu/5%ZnO/2%CeO2/SBA-15,
10%Cu/5%ZnO/2%ZrO2/SBA-15, and 10%Cu/5%ZnO/2%CeO2/2%ZrO2/SBA-15. Specific surface area
measurements and field emission SEM images demonstrated that the addition of CeO2 and ZrO2 to the
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10%Cu/5%ZnO/SBA-15 catalyst led to a reduction in the agglomeration of crystallites, thus increasing the
specific surface area and lowering the pore diameter. The methanol conversion and hydrogen selectivity
were improved by ZrO2 promotion, while ZnO and CeO2 promoters reduced the CO selectivity.
Moreover, CeO2 and ZrO2 promoted the stability of the Cu/ZnO/SBA-15-based catalysts, due to the better
reducibility of CuO particles and less coke deposition. The 10%Cu/5%ZnO/2%CeO2/2%ZrO2/SBA-15
catalyst showed the best performance, displaying optimal methanol conversion of 95.2%, low CO
selectivity of 1.4%, high H2 yield of 90%, and good stability in the time-on-stream test over 60 h of
reaction at 300 ◦C, at a weight space hourly velocity of 43.68 h−1, and at a steam-to-carbon molar ratio of
2, due to smaller size of the copper and zinc crystallites, higher copper dispersion, and greater specific
surface area. Liu et al. studied copper foams with different types of hole arrays as catalyst supports for
cylindrical laminated MSR microreactors [199]. The copper foams were fabricated by laser processing
method; the catalytic formulation (Cu/Zn/Al/Zr) was loaded by impregnation, while macroscopic
numerical analysis was used to analyse the reactant distribution on the foams. The optimal hole
array distribution was obtained on the basis of the experimental results by varying the reactant
flow rate, reaction temperature, and catalyst loading. The simulation results showed that the radial
distribution uniformity was improved and the axial flow velocity was increased from the copper
foams with hole arrays. The copper foams whose hole size decreased in the arrays from the center to
the radial direction provided the best catalytic performance; by feeding a flow rate of 10 mL·h−1 at
300 ◦C, the initial methanol conversion was 95% and the initial hydrogen production flow rate was
0.52 mol·h−1; after time-on-stream tests for 24 h, the methanol conversion decreased to 70% and the
hydrogen production flow rate decreased to 0.35 mol·h−1. Sarafraz et al. investigated the use of the
Cu-SiO2 porous catalyst coated on the internal wall of a microreactor with parallel micropassages in
MSR [200]. The catalyst was prepared by coating with copper and silica nanoparticles, using convective
flow boiling heat transfer followed by calcination. The catalytic activity tests were carried out in the
temperature range of 250–400 ◦C, with a reactant flow rate of 0.1-0.9 dm3·min−1, a catalyst loading
of 0.25-1.25 g, and at a heat flux of 500 kW·m−2. The highest methanol conversion was obtained at
GHSV of 24,000 mL·g−1·h−1, at a temperature of 500 ◦C, and with a methanol-to-water molar ratio
of 0.1. The increase in the GHSV of the reactants generated a decrease in the methanol conversion,
which was attributed to the suppression of the reactant diffusion into the pores of the catalyst and to
the decrease in the average film temperature of the reactor. Moreover, for the low methanol-to-water
molar ratio the reaction was complete, requiring more thermal energy; therefore, greater heat flux
was necessary to compensate for the temperature drop. Shanmugam et al. investigated the effect
of supports (CeO2, Al2O3, and ZrO2) and an In2O3 co-support in Pt-based catalysts for MSR in a
microchannel reactor [201]. CeO2, Al2O3, and ZrO2 were prepared by sol–gel method, the co-support
was obtained by impregnation with In2O3, while the catalysts were obtained by impregnation.
Two microchannel platelets were coated with the catalysts and sealed face-to-face by laser welding
with the inlet and outlet capillaries. The activity tests were carried out in a microchannel reactor at
atmospheric pressure in the temperature range of 300–375 ◦C, with a flow rate for the water/methanol
mixture of 30 mL/h and a steam-to-carbon ratio of 1.4. Among the studied catalysts, the best performance
was obtained with 15Pt/CeO2, which exhibited complete methanol conversion, high hydrogen selectivity,
and high CO formation (7 vol.%) at 350 ◦C. The addition of In2O3 reduced the CO formation to 1.9 vol.%
due to the enhanced dispersion of metallic Pt nanoparticles and to the boost given to the water activation,
which reacted with methanol on the Pt surface, leading to the selective formation of CO2 and H2 and
suppressing the CO formation. The time-on-stream tests showed only slight deactivation in 100 h under
reaction conditions at WHSV of 88 L·h−1·g−1. Zhuang et al. developed a multichannel microreactor
with a bifurcation inlet manifold and rectangular outlet manifold for MSR, in which the commercial
CuO/ZnO/Al2O3 catalyst was directly packed [202]. The catalytic tests were performed with a variable
steam-to-carbon ratio (1.1–1.5), a variable WHSV (0.4–6.7 h−1) in the temperature range of 225–325 ◦C,
with two catalyst particle sizes of 50–150 mesh and 150–200 mesh. A computation fluid dynamics (CFD)
simulation was also performed to study the flow distribution in the multichannel reactor. The results
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showed that the methanol conversion was enhanced by increasing the steam-to-carbon ratio and
the temperature, as well as by decreasing the WHSV and catalyst particle size. On the other hand,
the CO concentration decreased with a growth in the steam-to-carbon ratio and the WHSV, as well
as decreased with the decrease of the temperature and catalyst particle size. A time-on-stream test
was also carried out for 36 h, achieving a methanol conversion of 94.04% and a CO concentration of
1.05%, with a steam-to-carbon ratio of 1.3, a temperature of 275 ◦C, a WHSV of 0.67 h−1, and a catalyst
particle size of 150–200 mesh. Zhu et al. reported a modelling and design study for a multitubular
packed-bed reactor for MSR on a Cu/ZnO/Al2O3 catalyst [203]. A multitubular packed-bed reformer
pseudo-homogenous model was developed based on Langmuir–Hinshelwood kinetics of the MSR
process to investigate the impacts of operating conditions and geometric parameters on the performance.
Moreover, pressure drop, heat, and mass transfer phenomena, as well as diffusion inside the catalyst
particles, were also investigated. A comparative study was also performed to evaluate the performance
of a current–current reactor with respect a co-current reactor.

The simulation results showed that a co-current heat exchanger provided a lower CO concentration
and better heat transfer efficacy; moreover, the lower liquid fuel flow rate and higher thermal air inlet
temperature gave higher residual methanol and CO concentrations (Figure 15). At a fixed catalyst
loading, the increase in the tube numbers, the growth of the baffle plate number, and the decrease
in the tube diameter increased both the methanol conversion and the CO concentration. Ke and Lin
performed density functional theory computations and transition state theory analyses on the intrinsic
mechanism of Ni-catalysed MSR by considering 54 elementary reaction steps [204]. The microkinetic
model was obtained by combining the quantum chemical results with a continuous stirring tank reactor.
The microkinetic simulations showed that O*, CO*, OH*, and H* are the only surface species with
non-negligible surface coverage. The main reaction pathway is described in Equations (13) and (14).

CH3OH→ CH3OH*→ CH3O*→ CH2O*→ CHO*→ CO*→ CO2*→ CO2 (13)

and the rate determining step is:
CH3O*→ CH2O* + H* (14)
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→

 

∙ −

Figure 15. Profiles of the (a) methanol concentration and (b) CO concentration in the exit gas of the
reformer with different inlet flow rates for the fuel mixture and inlet temperature of the thermal air [203].

Wang et al. studied a MSR rib microreactor heated by automobile exhaust [205]. The effect of the
inlet exhaust and methanol-to-steam ratio on the performance of the reactor were numerically analyzed
with a computational fluid dynamic study. The results showed that the methanol conversion increased
with the inlet exhaust velocity and the inlet exhaust temperature; moreover, the axial temperature
increased along the axis and decreased with the reactant inlet velocity. By fixing the inlet reactant
velocity to 0.1 m/s and the inlet temperature to 220 ◦C, the best performance was obtained with a
water/methanol ratio of 1.3, an exhaust inlet velocity of 1.1 m·s−1, and an exhaust inlet temperature of
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500 ◦C, obtaining methanol conversion of 99.4%, hydrogen content of 69.9%, and thermal efficiency
of 28%.

3.5. Oxidative Steam Reforming of Methanol

The OSRM is a combination of an exothermic reaction between O2 and methanol and the
endothermic reaction of steam reforming. The exothermic reaction has frequently been assumed
to be the partial oxidation (PO) of methanol [206]; however, more recently it was found that with
the commercial Cu/ZnO/Al2O3 catalyst, the combustion of methanol is the main reaction between
oxygen and methanol [207]. This process presents some advantages, such as the possibility to produce
hydrogen with a very low concentration of CO; moreover, it is suitable for power variation by varying
the methanol/oxygen ratio [208]. A selection of articles on this topic follows below.

Pojanavaraphan et al. investigated the catalytic performance of a series of Au/CeO2–Fe2O3

catalysts prepared by deposition–precipitation for the OSRM [209]. The catalysts were prepared
with the aim of investigating the Ce/(Ce+Fe) atomic ratio (1, 0.75, 0.5, 0.25, 0), the gold loading
(1, 3, and 5 wt.%), and the calcination temperature (200, 300, and 400 ◦C). The catalytic activity
tests were carried out at a GHSV of 30,000 mL g-cat−1 h−1, in the temperature range of 200–400 ◦C,
at atmospheric pressure. A mixture of distilled water and methanol was continuously injected by a
syringe into a vaporizer chamber at 150 ◦C, at a rate of 1.5 mL h−1. The H2O/CH3OH and O2/CH3OH
molar ratios were varied from 1:1 to 4:1 and from 0 to 2.5, respectively. The best performance was
obtained with a gold loading of 3 wt.% and Ce/(Ce+Fe) = 0.25 calcined at 300 ◦C; this catalyst
showed an optimal Au particle size; coexistence of the CeO2-Fe2O3 solid solution and free F2O3 phase;
and strong interaction sites, such as Au-Au, Au0-free Fe3+, and Ce4+-Fe3+; which were indicated
as the main factors for successfully improving the catalytic activity. The presence of high steam
content negatively affected the formation of hydroxyl, carbonate, and formate species; the best reaction
condition was O2/H2O/CH3OH = 0.6:2:1. Stability tests were carried out, highlighting the effect of
a pretreatment with O2 on the catalytic activity of the catalyst. The results showed that the activity
of the unpretreated catalyst decreased in the methanol conversion from 95.7% to 91% and in the
hydrogen yield from 85.87% to 82%, while that of the pretreated catalyst followed the same trend,
but with higher conversion and hydrogen yield. The TPO profile of the unpretreated spent catalyst
showed two peaks attributed to the different types of coke formed, with a total coke percentage
of 0.629 wt.%. The pretreated catalyst showed the first oxidation peak at 84 ◦C with low intensity
due to carbonaceous species, before being converted to the coke, revealing that the O2 pretreatment
is able to reduce or retard the coke formation rate during the stability test via coke gasification;
the coke percentage was only 0.053 wt.%. These data demonstrated that the coke formation did not
affected the stability of the pretreated catalyst, suggesting that the O2 pretreatment could reduce or
retard the coke formation rate. Pérez-Hernández et al. investigated the effect of the bimetallic Ni/Cu
loading on ZrO2 support in the autothermal steam reforming of methanol (ASRM) for hydrogen
production [210]. The support was prepared by sol–gel method while the catalysts were prepared
by sequential impregnation to obtain three different total metallic loading values of 3 wt.%, 15 wt.%,
and 30 wt.%, with a Cu/Ni ratio equal to 4:1. TEM-EDX images highlighted the core–shell structure of
the Cu/Ni nanoparticles, but in the case of the 30wt.%Ni/Cu/ZrO2 sample the shell was constituted
by the Ni-Cu alloy. The activity tests showed that the methanol conversion increased with the Ni/Cu
loading, thus the highest conversion was obtained with the 30wt.%Ni/Cu/ZrO2 catalyst; however,
the 15wt.%Ni/Cu/ZrO2 catalyst exhibited the highest hydrogen selectivity. A time-on-stream test
was also performed on the 30wt.%Ni/Cu/ZrO2 catalyst, which exhibited stable performance during
a 46 h time-on-stream test at 400 ◦C, without apparent deactivation. Mierczynski et al. studied the
performance of copper- and gold-doped copper catalysts supported on a multiwalled carbon nanotube
(MWCNT) prepared by wet impregnation and deposition–precipitation methods in OSRM [211].
The tests were carried out at 200 and 300 ◦C on 100 mg of catalyst and with a stream composition of
H2O/CH3OH/O2 (molar ratio = 1:1:0.4), a GHSV of 26700 h−1, under atmospheric pressure, with a
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total flowrate of 31.5 mL·min−1 and methanol concentration of 6% (Argon was used as the diluent
gas). The in situ XRD analysis showed the occurrence of Au-Cu alloy in the bimetallic catalyst during
the reduction process at 300 ◦C. The highest activity and hydrogen yield were obtained with the
0.5%Au–20%Cu/MWCNT bimetallic catalyst; the performance was related to the reducibility and to the
highest total acidity of the catalytic system, which is able to stabilize the intermediate formed during the
reaction. Jampa et al. investigated the use of Cu-loaded mesoporous ceria and Cu-loaded mesoporous
ceria-zirconia catalysts synthesized by nanocasting process, using MCM-48 as the template (% of Cu
loading varied from 1 to 12 wt.% in OSRM [212]. The catalytic activity tests were performed over a
temperature range of 200–400 ◦C at atmospheric pressure, with a mixture of H2O/CH3OH (1.5 mL·h−1,
molar ratio varied from 1:1 to 3:1), He (45 mL·min−1), and oxygen (45 mL·min−1). The results showed
that the best catalytic performance was obtained with 9 wt.% Cu loading, which assured methanol
conversion of 100% and hydrogen yield of 60%; however, these results were obtained at 350 ◦C
when mesoporous CeO2 was used as the support and at 300 ◦C when CeO2-ZrO2 was used as the
support by feeding O2 at 5 mL·min−1 and a H2O/CH3OH molar ratio of 2:1. The time-on-stream
stability tests over 169 h of reaction resulted in a continuous decrease of the methanol conversion and
hydrogen yields for both the 9%Cu/CeO2 and 9%Cu/CeZrO4. The TPO profiles of the spent catalyst
9%Cu/CeO2 showed two peaks at 207 ◦C and 296 ◦C, whereas 9%Cu/CeZrO4 showed the oxidation
peaks at 266 and 484 ◦C, indicating the presence of two different types of coke or carbonaceous species.
The oxidation peaks at 207, 266, and 296 ◦C were assigned to the poorly polymerized coke deposited on
the catalyst particles, while the peak at 484 ◦C was ascribed to highly polymerized coke deposited near
the catalyst–support interface. Moreover, the significant decrease in the Branauer–Emmett–Teller (BET)
specific surface area of the spent catalysts suggested that sintering had occurred. Based on these data,
the deactivation was attributed to coke formation and agglomeration; however, the ceria/zirconia-based
catalyst showed reduced CO selectivity. Thus, the main conclusion was that the addition of zirconium
into the support improved the redox property, the thermal stability, and the oxygen storage capacity of
the catalyst, resulting in a better performance in terms of CO oxidation reaction, and thus in a low
CO level during autothermal steam reforming of methanol. Pu et al. investigated the Cu/ZnO-based
catalysts promoted by Sc2O3 in ASRM [213]. The Cu/Sc2O3-ZnO catalysts were prepared by the reverse
precipitation method, with Cu metal loading of 15 wt.% and Sc/Zn molar ratios of 0, 0.03, 0.05, and 0.07.
The catalytic activities were evaluated in the temperature range of 220–600 ◦C at atmospheric pressure,
while an aqueous solution of methanol at a rate of 0.05 mL/min was fed together with a mixed gas
flow (50 mL·min−1) of N2 and O2. The characterization results showed that the Sc promotion assured
a reduction of the particle size and an increase of the metal dispersion of Cu. In addition, the Sc
doping enhanced the interaction between the metal and support in the ZnO lattice, improving the
metal dispersion and sintering resistance of the catalysts. The best performances in terms of catalytic
activity and stability were obtained with the catalyst characterized by the Sc/ZnO molar ratio of
0.05 mol·mol−1. The decrease of the methanol conversion in the time-on-stream tests was attributed to
sintering phenomena: in fact, coke formation was suggested by the performed analysis.

To summarize, the results shown in Table 2 highlight significant differences in the performance of
the catalysts studied in the reviewed articles on the methanol reforming in terms of the carbon formation
rate. The highest reported rate (10−2 gcoke·gcatalyst

−1·gcarbon,fed
−1·h−1) was for Cu/Al2O3 [165], while the

lowest one (6.3·10−7 gcoke·gcatalyst
−1·gcarbon,fed

−1·h−1) was for 10%Cu-10%Zn-2%Zr/MCM-41 [183].
Although in the two cases the reaction conditions were very different, both in terms of temperature
and steam-to-carbon ratio (500 ◦C and S/C = 1.5 in the first case; 300 ◦C and S/C = 2 in the second case),
the effect of the zirconium promoter seemed to play a major role. Zirconium, in fact, can stabilize the
active species and decrease the growth of metal oxides during the synthesis process, thus allowing the
size of the crystallites to be reduced and allowing a better dispersion of the active phases. On the other
hand, the use of noble metals such as gold, as well as the addition of oxygen in the reforming reaction,
does not seem to suppress the formation of coke; however, further studies are necessary.
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Table 2. Carbon formation rates for various catalysts employed for steam reforming and oxidative
steam reforming of methanol.

Catalyst a Operative Conditions b T (◦C) WHSV c (h−1) X MeOH (%)
Carbon Formation Rate d

(MULTIPLIED for 1000)
Ref.

Methanol Steam Reforming

15%Cu-MCM-41 H2O/CH3OH = 3/1 250 1.0 ≈73
after 48 h 0.015 [158]

20%Cu-MCM-41 H2O/CH3OH = 3/1 250 1.0 ≈60
after 48 h 0.024 [158]

Cu-ZnO-Al2O3-ZrO2-Ga2O3
Cu/Zn/Al/Zr/Ga =
14.9:30.9:3.9:10.8:1.9 mass ratio

H2O/CH3OH = 1/1 275 4.3 ≈85
after 70 h 0.010 [159]

Cu-ZnO-Al2O3-ZrO2-Ga2O3
Cu/Zn/Al/Zr/Ga =
13.3:28.2:3.9:10.0:1.8 mass ratio

H2O/CH3OH = 1/1 275 4.3 ≈70
after 70 h 0.014 [159]

Pd-MCM-41 H2O/CH3OH = 3/1 300 1.0 ≈32
after 40 h 0.041 [163]

Zn-MCM-41 H2O/CH3OH = 3/1 300 1.0 ≈5
after 40 h 0.15 [163]

Ni-MCM-41 H2O/CH3OH = 3/1 300 1.0 ≈15
after 40 h 0.16 [163]

Cu-MCM-41 H2O/CH3OH = 3/1 300 3.0 ≈75
after 40 h 0.049 [163]

Cu/Al2O3 H2O/CH3OH = 3/2 500 0.8 ≈91
after 5 h 10 [165]

NixMgyO
Impregnation H2O/CH3OH = 1/1 600 65.7 51.4

after 20 h 0.0079 [168]

NixMgyO
Hydrothermal method H2O/CH3OH = 1/1 600 65.7 58.3

after 20 h 0.0030 [168]

NixMgyO
Co-precipitation H2O/CH3OH = 1/1 600 65.7 57.3

after 20 h 0.085 [168]

Cu/cubic-ZnTiO3 N2/H2O/CH3OH = 1/2/1 250 1 ≈63
after 42 h 1.1 [177]

Cu/hexagonal-ZnTiO3 N2/H2O/CH3OH = 1/2/1 250 1 ≈5
after 42 h 6.7 [177]

10%Cu-10%Zn/MCM-41 H2O/CH3OH = 2/1 300 1.62 ≈75
after 60 h 0.0011 [183]

10%Cu-10%Zn-2%Zr/MCM-41
Impregnated H2O/CH3OH = 2/1 300 1.62 ≈83

after 60 h 0.00095 [183]

10%Cu-10%Zn-2%Zr/MCM-41
Sol–gel method H2O/CH3OH = 2/1 300 1.62 90.2

after 60 h 0.00079 [183]

10%Cu-10%Zn-2%Zr/MCM-41
MCM-41 pretreated with acetic acid H2O/CH3OH = 2/1 300 1.62 92.8

after 60 h 0.00063 [183]

10%Cu/SBA-15 H2O/CH3OH = 2/1 300 43.7
≈64
after 60 h 0.0031 [198]

10%Cu/5%ZnO/SBA-15 H2O/CH3OH = 2/1 300 43.7 ≈74
after 60 h 0.0025 [198]

10%Cu/5%ZnO/2%CeO2/SBA-15 H2O/CH3OH = 2/1 300 43.7 ≈85
after 60 h 0.0013 [198]

10%Cu/5%ZnO/2%ZrO2/SBA-15 H2O/CH3OH = 2/1 300 43.7 ≈84
after 60 h 0.0031 [198]

10%Cu/5%ZnO/2%CeO2/2%ZrO2/SBA-15 H2O/CH3OH = 2/1 300 43.7 ≈86
after 60 h 0.0031 [198]

Oxidative Steam Reforming of Methanol

xAu/CeO2–Fe2O3
x = 3 wt.%,
Ce/(Ce+Fe) = 0.25.

O2/H2O/CH3OH = 0.6/2/1. 350 11.9 91
after 12 h 0.098 [209]

xAu/CeO2–Fe2O3
x = 3 wt.%,
Ce/(Ce+Fe) = 0.25.

O2/H2O/CH3OH = 0.6/2/1.
O2 pretreatment 350 11.9 92

after 12 h 0.0082 [209]

9 wt.%Cu/CeO2
H2O/CH3OH = 2/1;
O2 = 5 mL·min−1 350 0.9 65

after 2.8 h 0.0042 [212]

9 wt.%Cu/CeZrO4
H2O/CH3OH = 2/1;
O2 = 5 mL·min−1 300 0.9 65

after 2.8 h 0.0032 [212]

Note: a The metal or oxide loadings are intended for the weight of the catalyst; b all the tests were performed at
atmospheric pressure; c refers to the methanol mass flow rate; d gcoke·gcatalyst

−1·gcarbon,fed
−1·h−1.
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4. Bioglycerol Reforming

An extensive research study concerning the applications of bioglycerol as the main by-product
of biodiesel production processes (~10% by weight) [214] was carried out in recent years. Indeed,
with the constant growth of the biofuel market and approximately 36 million tons of biodiesel having
been produced [215], the supply of bioglycerol exceeds the global demand (~3·106 ton produced by
2020, with a demand below ~5·105 ton/year) [216]. The consequent drop in bioglycerol prices and the
difficulties in the disposal of the produced surplus constitute a threat for the biodiesel production
process, which is already fails to be competitive in terms of price [215,217,218].

Crude glycerol (i.e., glycerol derived from the biodiesel production process) is a highly viscous
liquid characterized by a dark color, which includes variable quantities of soap, catalyst, alcohol,
monoglycerides, diglycerides, polymer, water, unreacted triacylglycerols, and biodiesel; glycerol
concentrations are in the range of 40–85%, depending on the efficiency of the biodiesel production
process. Due to the presence of such impurities, it is not possible to use crude glycerol in most
typical applications (e.g., cosmetics, food, alkyd resins, tobacco, pharmaceutical, polyurethane [217]),
which are depicted in Figure 16.
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Figure 16. Crude glycerol’s most typical applications [217].

Moreover, crude glycerol purification through distillation is an expensive process and most
biodiesel plants use this feedstock for direct burning process; however, in this way, the recovery
efficiency is low due to the combustion difficulties caused by the high viscosity and the formation of
highly toxic substances (e.g., acrolein and aldehyde). Hence, the employment of surplus-produced
crude glycerol to obtain other value-added chemicals could represent the best route in view of
improving the biodiesel industry’s economic feasibility [215,219].

An interesting pathway for crude glycerol revalorization is to use it as a renewable biomass source
for H2 production; thereby, hydrogen, as a promising fuel for moving vehicles and providing power
and heat for industries, would be produced, involving less energy consumption in comparison with the
traditional routes for its obtainment (water electrolysis and thermochemical processes) [219]. Hydrogen
can be produced by glycerol via several processes, including steam reforming, partial oxidation,
autothermal reforming, aqueous-phase reforming, dry reforming, and photocatalytic reforming.
Among them, steam reforming has drawn major attention. In fact, since the steam reforming of methane
is presently the most widely-used process in the industry to obtain hydrogen, the adoption of glycerol
would not require many changes in the already existent systems [218,220]. However, glycerol steam
reforming (GSR) is an endothermic catalytic process that requires large energy consumption and
suffers from catalyst deactivation caused by coke formation. Additionally, the other routes for H2

generation from glycerol are characterized by several disadvantages. The autothermal reforming
(the process in which the partial oxidation is coupled with steam reforming) leads to a lower energy
consumption compared to the SR. In fact, the steam reforming step absorbs the energy produced by
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the PO reaction; however, as a drawback, the presence of several hotspots caused by the heat produced
during the PO can result in negative effects on the catalyst activity. The liquid-phase reaction (APR)
operating at pressures of 30–80 bar and temperatures of 200–250 ◦C, reduces the amount of necessary
heat, especially due to the liquid form of the reactant, which does not require energy for vaporization;
however, this process usually requires more time compared to the SR and requires noble metals to
be adopted as catalysts (generally Pt), increasing costs. Glycerol dry reforming (GDR) appears to be
an attractive path for H2 production, as it is a carbon capture and recycling (CCR) approach; indeed,
with the adoption of this process, CO2 would be converted and recycled back into fuels and added
value chemicals. Regardless, the major obstacles in the application of this technology concern the
sintering of catalysts particles and the coke accumulation on the catalysts’ surfaces, which are even
higher compared to other reforming processes. A novel route could be represented by the photocatalytic
reforming of glycerol, in which H2 would be produced under ambient conditions, in the presence of an
appropriate catalyst and solar light [62,219,220].

Catalysts activity and stability are essential aspects in the transformation of glycerol into hydrogen
through reforming reactions, as they allow the activation energy to be lowered, improving the kinetics
of the involved chemical reactions, thus reducing the energy requirements and the correspondent
costs [219]. In recent years, an extensive effort has been made towards improving the activity of
catalysts. Studies have been performed on both noble and non-noble metals, different kinds of
supports, and the influence of promoters. Moreover, intensified investigations on the selective removal
of reaction products have also been performed in order to avoid the thermodynamic limitations
(glycerol conversion and hydrogen yield) of the process [218]. Since the positive results gained have
been in terms of catalyst activity, the main critical issue in glycerol reforming reactions remains the
stability of the employed catalysts.

Catalyst stability, the fundamental challenge in the industrial development of glycerol reforming
processes, is mainly compromised by metal sintering and coke deposits. Coke formation in glycerol
reforming reactions is a truly complex aspect, since a multitude of carbon sources may be responsible
for coke deposits, thus making it difficult to define the catalyst deactivation pathway [221]. Numerous
side reactions involved in glycerol conversion lead to the formation of coke, such as the Boudouard
reaction (Equation (8)), olefin polymerization (Equation (6)), glycerol dehydration, and rearrangement
and condensation reactions [222]. Papageridis et al. [223], having gained a deepened understanding
of carbon deposition, suggested that atomic carbon or CyH1-y species (Cα species) are generated
by dissociative chemisorption of the hydrocarbon on the catalysts surface. Thus, the production of
an amorphous film (Cβ) by dehydropolymerization occurred, which can subsequently lead to the
formation of graphitic carbon. Otherwise, these carbon atoms may also be dissolved and diffused
through the metal to active growth areas, resulting in the precipitation of amorphous vermicular
carbon (Cγ) or whiskers (Figure 17). Moreover, under harsh and protracted reaction conditions,
the amorphous carbon can also be converted into graphitic form (Cδ) [223]. An accurate analysis of
the nature of the formed coke is a powerful tool in the improvement of catalyst stability, as the total
amount of generated coke has less impact in catalytic deactivation in comparison to the degree of
graphitization of the deposits [224,225]. Temperature-programmed oxidation tests (TPO) performed
in numerous research studies have pointed out the easier oxidation of amorphous carbon (T below
550 ◦C) compared to filamentous and graphitic carbon deposits, such as carbon nanofibers or carbon
nanotubes (T over 600 ◦C) [33,226].

The extent of coke deposition in glycerol reforming reactions is mainly dependent on the nature of
the active phase, the extent of dispersion, and the chemical characteristics of the supports or promoters.

Glycerol reforming has been investigated for various metals and the below chart summarizes the
papers considered in this review, dividing them on the basis of the active phase analyzed during the
study. As it is possible to see from the graph (Figure 18), in recent years, due to their good catalytic
activity, low cost, and ease of availability, Ni-based catalysts have drawn major attention among the
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other active phases. Regarding the active phase, the most investigated materials have been Ni-, Co-,
Rh-, Pt-, and Ru-based catalysts; attention has also been given to Ir, Cu, and Pd catalysts.

i 

 
Figure 17. TEM images of amorphous and graphitic carbon formed during glycerol reforming.

i 
 

Figure 18. Number of considered papers as a function of the active phases analyzed for
glycerol reforming.
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4.1. The Influence of the Active Phase

In the following paragraph, selected papers highlighting the roles of active species on catalyst
stability for glycerol reforming are discussed.

As anticipated above, nickel is widely used, mainly due to its low cost and satisfactory
activity; in addition, Ni has been found to promote the water–gas shift reaction, leading to an
increase of H2 production [215]. Papageridis et al. [223] made a comparison between Ni-, Co-,
and Cu/γ-alumina-supported catalysts for the steam reforming of glycerol, observing the higher
ability of the Ni/Al sample to convert glycerol compared to Co/Al and Cu/Al catalysts. On the other
hand, the Ni-based catalyst showed worse stability, characterized by a drastic drop in activity within
the first 7 h. Rh, Ru, Pt, and Ir have been tested in GSR by Sensei et al. by preparing precious
metal nanocatalysts over the promoted Al2O3 with MgO. In the stability test performed at 600 ◦C
(GHSV = 35,000 mL g−1 h−1 and H2O:C3H8O3 = 9), Rh showed a glycerol conversion of ~98% almost
constantly over 20 h, while the other metals were characterized by a drastic decrease in the conversion
within the first 5 h. Moreover, from the TPO analysis of Rh/MgAl2O4, two oxidation peaks were
detected, corresponding to the formation of amorphous and graphitic carbon, whereas for Ru, Pt,
and Ir, only the presence of graphitic carbon has been evaluated [226]. Rh-alumina catalyst stability
was also studied in GSR by Silva et al. [227]. A decrease in the glycerol conversion from 99% to 92%
was achieved after 13 h of time-on-stream testing. Moreover, the characterization of the spent catalyst
carried out by Raman spectroscopy, SEM/EDS, and TPO showed the presence of amorphous carbon
species. According to the results of the TPO analysis, the authors regenerated the catalyst in air at
500 ◦C, obtaining a complete recovery of the catalytic performance. Montmorillonite (MMT)-supported
nickel nanoparticle (Ni/MMT) catalysts were prepared by Jiang et al. In order to optimize the Ni
loading and the calcination temperature in GSR. Stability tests were performed on the three catalysts
containing 20% Ni (Ni/MMT molar ratio 1:1) and calcination was performed at different temperatures
(1Ni-1MMT-800, 1Ni-1MMT-700, and 1Ni-1MMT-600, calcined at 800, 700, and 600 ◦C, respectively).
The 1Ni-1MMT-700 catalyst showed the best stability among all the tested catalysts, probably due to
the better dispersion of the metal obtained with the calcination at 700 ◦C. Furthermore, comparing the
stability of 1Ni-1MMT-700 and 1Ni-1Al-700 under 30 h of TOS, a rapid deactivation of the alumina-based
catalyst was found. This result, coupled with the characterization of the spent catalysts, pointed out
the different reaction pathways for the two catalysts; indeed, with Al2O3 acid, dehydration reactions
that lead to coke precursors are more prevalent than dehydrogenation reactions [228]. Ni behavior
in the steam reforming of glycerol has also been studied over a novel fly-ash-based catalyst. In the
stability evaluation, which was performed at 550 ◦C with a steam/glycerol ratio of 10 and three
different space periods of 3 h for time-on-stream testing, glycerol conversions higher than 90% were
obtained [229]. Mono- and bimetallic Ni-based catalysts (Ni-Co, Ni-Cu, and Ni-Zn) supported on
attapulgite were submitted in a GSR stability investigation at 600 ◦C, with a steam/glycerol ratio of
9 and GHSV of 9619 h−1. After 30 h of time-on-stream testing, among all the catalysts, Ni-Zn/ATP
exhibited the best performance, with glycerol conversion and H2 selectivity remaining almost stable
over the time period [230]. Carrero et al. [231] evaluated the performance of bimetallic Ni-(Cu, Co,
Cr)/SBA-15-supported catalysts; the addition of the second metal favored the dispersion of the Ni
phase and the metal–support interactions, thus leading to better performances in GSR, particularly for
th2e Ni-Cr/SBA-15 catalyst. This catalyst also showed a lower amount of deposited coke compared
with the other bimetallic catalysts and a relatively good stability within 60 h at 600 ◦C. Bimetallic
(Co, Cu, and Fe)-Ni/CNTs catalysts were analyzed in low-temperature GSR (375 ◦C) tests; a glycerol
conversion of ~91% was achieved for Co-Ni/CNTs, which was also characterized by a lower amount
of deposited coke (0.05 mgC·mgcat

−1). Moreover, the thermogravimetric analysis performed on
Co-Ni/CNTs revealed a shift of the coke peak to lower temperatures, pointing out that the Co addition
may have increased the formation of amorphous carbon [232]. The influence of the active phase on the
stability of the catalysts and the nature and extent of coke deposits was also analyzed in relation to the
dry reforming of glycerol (GDR) by Tavanarad et al. [233], who in 2018 prepared and proved various
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Ni/γ-alumina catalysts by varying the Ni loading from 5 to 20 wt.%. The first activity screening on
the Ni content showed that the best performances were obtained with a content of nickel of 15 wt.%,
while a Ni loading of 20 wt.% resulted in worse nickel dispersion and bigger crystalline structures.
The 15Ni/γ-Al2O3 was subsequently tested at 700 ◦C under 20 h of time-on-stream; a drastic drop in
the catalyst activity was observed in the first 5 h, followed by an almost constant glycerol conversion
of ~55% for the next 15 h. TPO and SEM analyses of the catalyst after the stability test evidenced the
presence of whisker-type carbonaceous species on its surface. A comparison between the stability
of catalysts with different metals as the active phase and the same support specie was investigated
by Bac et al. [234] via 72-h time-on-stream stability tests at 750 ◦C, carried out on Rh, Ni, and Co
supported on Al2O3-ZrO2-TiO2 (AZT) catalysts. Better performances were obtained for Rh/AZT and
Ni/AZT. Indeed, for both catalysts the CO2 conversion was above 91% of the thermodynamic limit,
characterized by decreases of only 13% and 8%, respectively. The stability of Rh/AZT was attributed to
the lack of sintering and carbon deposits, while Ni/AZT exhibited the ability to post-gasify surface
carbon species that were deposited on the catalyst during the first few hours. Moreover, the Co/ATZ
catalyst showed a drastic drop in CO2 conversion, suggesting the presence of severe irreversible
carbon formation.

Larimi and co-workers [235] investigated the influence of the Ce/Zr ratio on the performance of a
Pt0.05CexZr0.95-xO2 catalyst for the aqueous-phase reforming of glycerol (GAPR), finding a dependence
of the reactivity of the catalyst by the metal ratio, which influenced the Pt oxidation state, the active
metal dispersion, the surface area, and the particle size. The catalyst showing the best results in
term of activity (Pt0.05Ce0.475Zr0.475O2) was subsequently tested for 50 h using TOS at 250 ◦C and
50 bar, during which no deactivation was detected. A comparison between monometallic Ir and
bimetallic Ir-Ni and Ir-Co catalysts was evaluated by Espinosa-Moreno et al. [236], who found that IrNi
bimetallic catalysts excelled, probably as a result of the high tendency of Ni to cleave to the C-C bond.
Moreover, the IrNi/La2O3 sample exhibited improved resistance to deactivation, ascribable to the
carbon species removal on Ni sites, which is promoted by the oxygen species formed upon La addition.
Bimetallic Ni catalysts also showed less CH4 and CO selectivity, pointing out that the addition of Ni
to Ir reduces the methanation reaction and increases the metal–support interactions, thus leading to
higher H2 concentrations.

4.2. The Role of the Support

The role of the support is also fundamental in improving the stability of the adopted catalysts;
the present paragraph discusses the benefits and drawbacks of the choices of various supports for
bioglycerol reforming.

As a matter of fact, high dispersion and large surfaces are the mainly factors that enhance reactivity
in glycerol reforming reactions nonetheless, support acidity and basicity properties also play key roles
on the formation of coke deposits. Other authors [237,238] employed Langmuir–Hinshelwood and
Eley–Rideal kinetic models coupled with statistical discrimination and thermodynamic evaluation,
and identified a molecular adsorption mechanism for glycerol and steam on both Brønsted acidic and
basic sites on the catalysts. Thus, they pointed out the necessity of having acidic sites on the surface to
improve the process efficiency. On the other hand, acid supports (Al2O3) tend to improve dehydration,
dehydrogenation, hydrogenolysis, and condensation reactions, which cause coke deposits, leading to
rapid deactivation of catalysts [30]. Charisiou and co-authors, in order to evaluate the influence of the
support on the glycerol steam reforming (GSR), performed an investigation on nickel catalysts (8 wt.%)
supported on Al2O3, ZrO2, and SiO2. The results of the 20 h stability test at 600 ◦C pointed out the
behavior of different catalysts related to the acidity or basicity of the three supports. In particular,
the catalyst prepared on the acidic alumina (Ni/Al2O3) showed drastic deactivation, causing the
blockage of the active sites by coke precursors formed on the acidic surface sites. Conversely, the more
basic Ni/ZrO2 catalyst appeared to be less affected by deactivation, which may be attributed to the
stronger metal–support interactions observed during the TPR analysis, as well as to the capability of
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ZrO2 to enhance the water adsorption and activation. Lastly, the Ni/SiO2 catalyst ensured the best
outcomes in terms of both glycerol conversion and H2 selectivity, thus leading to the advantages
gained from the neutral nature of the support, exploiting both acidic and basic surface sites. Moreover,
in the characterization of the spent catalysts, Ni/Al2O3 showed the lowest amount of deposited coke
(~40%), while for the other two samples the value was almost equal or higher (~50%). On the other
hand, the carbon degree of graphitization has also been estimated, which followed the order Ni/Al2O3

>Ni/ZrO2 >Ni/SiO2, thus leading to the interconnection between the nature of the deposited coke and
the deactivation catalysts [224]. The influence of the support towards Ni-based catalysts in the GSR
has also studied by Zamzuri and co-authors [239] through the examination of Ni/Al2O3, Ni/La2O3,
Ni/ZrO2, Ni/ SiO2, and Ni/MgO. The TOS stability test carried out at 650 ◦C for 5 h showed that the
catalysts’ overall activity increased following the order Ni/Al2O3 >Ni/La2O3 >Ni/ZrO2 >Ni/MgO >
Ni/ SiO2. Conversely, while Ni/La2O3, Ni/ZrO2, and Ni/ SiO2 were found to be almost stable within
the time-on-stream tests, Ni/Al2O3 and Ni/MgO showed decreased activity. Since Al2O3 has attracted
major attention as a support for catalysts in GSR, by virtue of its high surface area and mechanical and
chemical resistance under reaction conditions, numerous strategies have been investigated in order to
limit the coke deposition, which is probably caused by the acidic properties of Al2O3. A comparison
between Ni catalysts supported on mixed lanthana-alumina and Ni catalysts supported on commercial
alumina pointed out that addition of La favored the dispersion of the active phase, increasing the
basicity of the support and increasing the metal–support interactions. Moreover, after the stability tests,
the comparison between the spent catalysts also showed the different nature of the carbon deposits on
the catalysts surface. In fact, even though the amount of deposited carbon was approximately equal
(0.41 gcoke·gcatalyst

−1 for Ni/Al and 0.44 gcoke·gcatalyst
−1 for Ni/LaAl), TPO and Raman characterizations

showed the presence of more graphitic carbon species on the Ni/Al samples than Ni/LaAl, for which
almost amorphous carbon deposits were detected. This result was in agreement with the trends of the
stability tests, from which it was possible to highlight the good stability in the case of Ni/LaAl and a
drastic drop in the activity of Ni/Al [221]. La-modified Al2O3 was also investigated by Sanchez et al.
as a support for Ni catalysts in GSR reactions. The stability tests were performed on the bare supports
and on the catalysts, involving 4 h time-on-stream tests for Ni/Al2O3 and Ni/La2O3-Al2O3 at 700 ◦C
and WHSV = 35 h−1. The addition of La to the support enhanced the H2 production, giving a result
that was close to that obtained with the Ni catalyst; moreover, while Ni/Al2O3 showed a drop in
the H2 production over time, Ni/La2O3-Al2O3 gave an almost stable result after 90 min of reaction.
The TGA analysis carried out on the spent catalysts also showed that the amount of coke deposited on
Ni/Al2O3 was almost twice that deposited on Ni/La2O3-Al2O3. Moreover, the SEM analysis revealed
that the surface of Ni/Al2O3 was covered by carbon filaments, which could be the reason for the
catalyst deactivation [30]. Additionally, modifications of the alumina support were investigated by
Bobadilla et al., who prepared NiSn bimetallic catalysts supported on Al2O3, evaluating the influence
of the addition of Mg and Ce on the support. NiSn/Al, NiSn/AlMg, NiSn/AlCe, and NiSn/AlMgCe
were submitted to stability tests at 650 ◦C, P = 1 atm, and with a water/glycerol molar ratio of 12 for
6 h TOS tests. The best results were obtained for the catalyst modified with both CeO2 and MgO.
In fact, the addition of these oxides resulted in a synergic effect that decreased the coke formation and
favored the WGS reaction [240]. Furthermore, Charisiou and co-authors [241] performed a comparative
analysis between Ni/CaO-MgO-Al2O3 and Ni/Al2O3 catalysts, which showed how the addition of
CaO-MgO led to smaller Ni particles, increased the basicity and the surface amount of the Ni0 phase,
thus resulting in better GSR results. The activity and stability tests carried on the two catalysts
showed a different distribution of products, as the modified support favored H2 and CO2 production
(enhancement of the WGS reaction). Moreover, this proved that the deactivation can be prevented
with the addition of CaO and MgO to the support. In addition, the modified support also led to a
lower amount of coke being deposited on the catalyst’s surface, altering its nature, which based on
the Raman analysis appeared to be less graphitic than that deposited on the unmodified Ni/Al2O3

catalyst. A study concerning the support roles for Pt-based catalysts in the GSR was carried out by
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de Rezende et al. [28]. Several layered double-hydroxides containing Mg and Al (Mg/Al ratios of 3
and 5) as supports were tested. Specifically, four catalysts were prepared, two containing hydrated
layered supports, PtMg5Al-H and PtMg3Al-H; and two containing mixed calcined oxides, PtMg5Al-O
and PtMg3Al-O. Subsequently, the catalysts were submitted to GSR time-on-stream stability tests at
600 ◦C for 250 min, during which PtMg5Al-H showed a stable conversion rate of ~85%, while all the
other catalysts exhibited losses in activity. Moreover, the authors presented a correlation between the
amount of carbon deposited on the catalysts and the degree of deactivation, thus pointing out the
minor contribution of carbonaceous materials derived from intermediate organic liquid compounds
on the deactivation processes. This study is in contrast with what is usually found in the literature, as
reaction intermediates adsorbed on the catalysts are generally considered responsible for deactivation
of catalysts. An interesting study evaluated the effect of the support on Co-based catalysts adopting
alumina, niobia, and 10 wt.% niobia/alumina. The three prepared catalysts containing 20 wt.% CoO
were tested under 30 h of GSR reaction at 500 ◦C with GHSV = 200,000 h−1. In the first 8 h of
reactions, complete glycerol conversion was obtained for CoNb, while the rate was ~90% for CoNbAl
and ~80% for CoAl. Subsequently, after 24–26 h, a strong deactivation trend was detected for all
catalysts, especially for CoNb. Indeed, from the analysis of the product distribution as a function
of time, it was evaluated that even though the conversion was higher for CoNb, the gas production
was low, thus indicating the probability of coke formation during the process. The catalyst that
showed the best stability during the reaction was CoAl, with a decrease observed only after 26 h;
these results were probably associated with the higher cobalt dispersion obtained for this catalyst.
However, the catalyst supported by both Nb and Al presented the best values for H2 production during
the first 8 h of reaction. On the contrary, CoAl showed reduced hydrogen formation and was also
characterized by the lowest amount of deposited coke, thus suggesting a coke formation mechanism
based on the hydrogenation reaction of CO and CO2. Conversely, looking at the H2 production results,
the authors assumed that the coke formed on CoNb and CoNb catalysts was mainly caused by the CO
disproportionation, thus excluding hydrogen. A further analysis of the nature of the formed carbon
revealed more amorphous coke deposited on CoNb and CoNbAl, while the deposits on the CoAl
catalyst were predominantly graphitic [242]. The support effect on the stability of the catalysts was
also investigated for glycerol dry reforming (GDR). In particular, a comparison between Ni catalysts
supported on CaO and ZrO2 pointed out the differences in the two support species. With this purpose,
several catalysts were prepared by wet impregnation on both CaO and ZrO2, increasing the amount of
Ni (5%, 10% and 15%); moreover, the bare supports and the catalysts were also characterized by means
of BET surface area determination tests, SEM analysis, XRD technique tests, and TGA and TPR analysis.
Afterwards, the prepared catalysts were tested by the authors in stability experiments, which were
carried out in a fixed-bed reactor at 700 ◦C and at atmospheric pressure over 3 h in time-on-streams.
This resulted in better performances for the 15%Ni/CaO catalyst, characterized by a glycerol conversion
rate of 30.52% and a hydrogen yield rate of 23.06%. For the other tested catalysts, the performances
decreased in the order of 10% Ni/ ZrO2 > 5% Ni/ CaO > 10% Ni/ CaO > 15% Ni/ ZrO2 > 5% Ni/
ZrO2. The better outcomes achieved for the 15%Ni/CaO were found to be in agreement with the
characterization results, which proved better interactions between Ni and CaO, better metal dispersion,
and greater surface area results in comparison with Ni/ZrO2, also resulting in smaller crystallite sizes
for NiO species [243]. Lee et al. [244], through a comparison of Ni-supported catalysts (Ni/LaAlO3,
Ni/CeO2, Ni/MgO, and Ni/MgAl) regarding glycerol aqueous-phase reforming (GAPR), highlighted
the strong dependency of the glycerol conversion and hydrogen yield on the type of support and the
Ni loading. The support influence was investigated by the authors on 15 wt.% Ni catalysts supported
on the four abovementioned species. In the activity tests at 250 ◦C and 20 bar, with LHSV = 5 h−1,
the catalyst 15%Ni/LaAlO3 showed the best outcomes, with a glycerol conversion rate of 35.8% and a
H2 selectivity rate of 67.2%. Next, under the same conditions, four LaAlO3-supported catalysts with 5,
10, 15, and 20 wt.% Ni were tested, confirming that the best performances were obtained with the 15%
Ni. 15%Ni/ LaAlO3 product. The selectivity was also investigated with a 20 h TOS test, during which
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high CO2 and H2 yields were obtained, while low CO selectivity was achieved due to the WGS reaction.
Moreover, the analysis of the spent catalysts revealed the presence of some agglomerated carbon
particles on the surfaces of Ni/MgAl, Ni/CeO2, and Ni/MgO. Conversely, the amount of deposited
carbon was small and it was in a fibrous form in the case of the Ni/ LaAlO3 catalyst, thus highlighting
the high resistance to coking of the catalyst, which was probably related to the migration of mobile
oxygen from the support (LaAlO3) to the metallic Ni particles [244]. In the study by Espinosa-Moreno
and co-authors on Ir-based catalysts for H2 production through GAPR, a comparison was carried out
between La2O3 and CeO2 as supports. The catalytic tests performed at 270 ◦C and 58 bar showed better
values for H2 production with La2O3 catalysts compared to CeO2-supported catalysts due to the higher
pore volume and metal–support interactions obtained using lantana [236]. As can be appreciated
in Figure 19, comparing the performances of IrNi/La2O3 and IrNi/CeO2, much higher carbon-to-gas
conversion rates were obtained when suing lantana as the support.

i 

Figure 19. Carbon-to-gas conversion (%) as a function of the time-on-stream (min) stability test carried
out at 270 ◦C and 58 bar [236].

4.3. The Effect of the Addition of Promoters

In this paragraph, the effects of promoters on the stability of various catalysts for glycerol reforming
is discussed. In fact, a further strategy to inhibit catalyst deactivation is the adoption of additives
and promoters, in order to create specific surface centers, which are mainly acidic or basic, bimetallic,
or redox sites [245]. The effect of the addition of promoters to Ni/Al2O3 for the GSR has been widely
studied in literature. Lima et al. investigated the consequences of the addition of Mg, finding an
increase in the Ni dispersion and in its resistance to sintering and a decrease of the catalysts’ acidity,
thus promoting the stability of the catalysts. The addition of Mg also resulted in a lower amount of
deposited coke, which was more graphitic [246]. A supplementary investigation on the effect of the
addition of Mg to Ni/Al2O3 confirmed that its addition promotes the basicity of the catalyst and results
in higher Ni dispersion, thus favoring the catalytic performance and lowering the carbon formation.
Indeed, Dieuzeide et al. [247] pointed out that with an optimal loading of Mg of 3 wt.%, the amount of
coke obtained was approximately half of the amount obtained without Mg. In addition, correlations
between the structure of the deposited carbon, the Ni particle size, and the Mg presence were evaluated,
since it was previously observed that a decrease in the Ni particle size and an increase in the Mg loading
resulted in an increase of the degree of graphitization of the formed coke. Demsash et al. [248] evaluated
the effect of ceria-promoted Ni-alumina catalysts in GSR by varying the amounts of nickel and ceria
(5, 10, and 15 wt.% Ni, and 5 and 10 wt.% Ce). Among the prepared catalysts, 10Ni/Al2O3/5CeO2

exhibited the best results in terms of activity and stability, with product distribution remaining almost
stable over the 16 h TOS test at 650 ◦C. The Ce-promoted catalyst also showed the lowest coking activity,
as a result of the inhibition effect of ceria to the formation of coke deposits; indeed, CeO2 promotes
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the hydration of the support. Carrero et al. [231] investigated the addition of Cu, Co, and Cr to a
Ni/SBA-15 catalyst for GSR applications at 600 ◦C, involving a steam/carbon ratio of 2 and a WHSV of
7.7 h−1 for a 5 h TOS test. During the stability tests, all the catalysts showed glycerol conversion rates
above 85 mol%. In particular, glycerol conversion decreased following the order of Ni-Cr/SBA-15 >
Ni-Co/SBA-15 > Ni/SBA-15 > Ni-Cu/SBA-15 along the reaction time, as can been seen in Figure 20.
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Figure 20. Conversion of glycerol over the Ni-(Cu,Co,Cr)/SBA-15 catalysts (T = 600 ◦C, P = 1 bar,
WHSVglycerol = 7.7 h−1, water/glycerol = 6 mol/mol) [231].

Catalyst deactivation has been shown to be correlated with the amount of coke deposited,
increasing in the order of Ni-Cr/SBA-15 < Ni-Co/SBA-15 < Ni/SBA-15 < Ni-Cu/SBA-15. Focusing
attention on the product distribution during the reaction with the Ni-Cu/SBA-15 samples, the catalyst
characterized by the highest deactivation and largest amount of coke deposition also enhanced the
formation of methane and carbon monoxide, while lower amounts of carbon dioxide and hydrogen
were produced. Moreover, for the Ni-Cr/SBA-15 samples, the highest hydrogen concentrations were
detected in the gas stream. Regarding Ni-Co/SBA-15, despite the high glycerol conversion values
obtained, low H2 production was achieved—even lower than Ni/SBA-15, possibly due to the lower
ability of Co than Ni to break the C-C bond. SEM images of the catalysts pointed out the presence
of carbon nanofibers on Ni-Cu/SBA-15 and Ni-Co/SBA-15, while no formation of carbon nanofibers
was detected by the SEM analysis on Ni-Cr/SBA-15. Subsequently, Ni-Cr/SBA-15 has been tested
with a 60 h TOS protocol, which revealed good stability, with a glycerol conversion rate above 93%
throughout the time period. Prior to investigating the promotion of Ni catalysts, the same authors
evaluated the influence of additives on Co-catalysts in GSR. The study was focused on the comparison
between Co/SBA-15 and promoted Co-M/SBA-15 with M/Zr, Ce, or La catalysts. The tests, which were
carried out at 500 and 600 ◦C, with a water/glycerol ratio of 6 and a WHSV of 7.7 h−1, showed that the
addition of promoters significantly improved the stability of Co/SBA-15, especially at 500 ◦C, where the
non-promoted catalyst suffered a drastic deactivation (from 98% to 75%) in the first 2 h. Among the
promoted catalysts, Co/Ce/SBA-15 ensured the best results, with a glycerol conversion rate of ~100%
during the 5 h time-on-stream test; moreover, despite the higher activity of this catalyst, the amount of
coke deposited on its surface was lower compared to that observed for Co/SBA-15 (0.025 gcoke·gcat·h−1

for Co/Ce/SBA-15 and 0.028 gcoke·gcat·h−1 for Co/SBA-15). The products distribution analysis also
pointed out that the use of Co/Ce/SBA-15 led to higher CO2 and H2 concentrations, while the CO
formation was partially suppressed, highlighting the tendency of ceria to improve the oxygen mobility
and water reactivity, enhancing the water–gas shift reaction. On the other hand, the addition of La
and Zr resulted in lower hydrogen production; furthermore, the presence of ethylene was detected on
Co/Zr/SBA-15, possibly caused by the enhancement of the dehydration reactions on the zirconium acid
sites. Co/Ce/SBA-15 was then tested with a 50 h TOS test, during which high stability was reached
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(glycerol conversion rate of ~100%). However, the amount produced hydrogen decreased, while the
methane concentration increased. Moreover, the amount of coke was found to be higher and the
authors suggested the possibility of a secondary reaction, such as C+2H2↔CH4 [249]. The advantages
gained by the addition of Mg to Ni catalysts were verified by Veiga and co-workers, who studied
glycerol steam reforming with nickel supported by activated carbon. During stability tests at 650 ◦C,
Mg-promoted catalysts, among other promoters (MgO, La2O3, Y2O3), showed higher initial conversion
and lower deactivation rates as a result of the capability of Mg to enhance the steam adsorption and
stabilize Ni against sintering [250]. Other strategies used to improve the stability of catalysts for
glycerol steam reforming involved the development of new types of catalysts and their subsequent
doping with additives. Nickel, as a promoter for Fe/Mg-containing metallurgical waste, was prepared
via solid-state impregnation of Ni into the structure of the metallurgical residue. Its stability was
evaluated at 580 ◦C and 1 atm with a 48 h of TOS test. The developed catalyst exhibited good stability,
with a glycerol conversion rate of ~90% and a hydrogen yield rate of ~80%; moreover, the amount
of coke formation was low (2.7 mgcoke gcat

−1 h−1) and its nature was filamentous. This study also
evidenced the ability of Mg to activate steam and promote the water–gas shift reaction [251]. An easily
reducible NiAl2O4 spinel was developed using a novel method from a Ni-Al mixed-metal alkoxide,
which was tested for use in GSR and was shown to have a highly porous structure and surface area.
Moreover, the effect of the addition of 10 wt.% CeO2 the catalyst stability was evaluated. The TOS
tests performed at 630 ◦C and 1 atm for 16 h showed the high potential of the catalyst, characterized
by low coke formation (0.0004 gcoke gcat

−1 h−1). Indeed, the addition of ceria diminished the coke
deposits and favored their gasification. Additionally, the formation of a well-dispersed CeAlO3 phase
hindered the growth of filamentous carbon [245]. The role of CeO2 as a promoter was also studied by
Dobosz et al. [252], who evaluated its addition to a calcium hydroxyapatite (HAp)-supported cobalt
catalyst. During the TOS stability test, which was carried out at 800 ◦C for 6 h, the catalyst doped
with ceria (10Co-Ce/Hap) was stable than the 10Co/Hap catalyst. In fact, even if it a decrease in the
hydrogen selectivity was observed, this effect was slower than the trend observed for the undoped
catalyst. Ramesh et al. focused their attention on the influence of copper on perovskite catalysts
for GSR, comparing a perovskite catalyst with two copper decorated perovskites (LaNi0.9Cu0.1O3

and LaNi0.5Cu0.5O3). Comparing their activity, better results were obtained for LaNi0.9Cu0.1O3,
which had a glycerol conversion rate of 73% and a hydrogen selectivity rate of 67%. The stability
of the 0.1%-copper-decorated perovskite was confirmed by tests carried out at 650 ◦C, S/C = 3,
and LHSV = 10,000 h−1, during which the catalyst exhibited an almost constant product distribution
over the 24 h TOS test. The characterization of the spent catalysts showed the presence of small
amounts of graphitic carbon in the perovskites without copper (detected by TGA analysis, in which
two oxidation peaks were observed at 550 and 600 ◦C). Conversely, the addition of copper resulted
in only one oxidation peak, suggesting the presence of only amorphous carbon on the surface of
the spent catalyst [33]. The Ni/Al2O3 catalyst and the improvements obtained with the addition
of promoters were also studied in the development of the glycerol dry reforming (GDR) process.
Harun and co-authors evaluated the effect of the Ag promotion via the preparation and testing of
α-alumina-supported catalysts containing 15% Ni; in particular, four catalysts with Ag loading rates of
0 wt.%, 1 wt.%, 3 wt.%, and 5 wt.% were tested at 700 ◦C for 3 h, with a glycerol/carbon dioxide feed
ratio of 1:1. The results showed that even if similar trends were shown by all of the catalysts (increase
of the glycerol conversion in the first 0.5 h followed by a decrease after 1 h and a final stabilization),
among the investigated catalysts, Ag(3)-Ni/Al2O3 gave the best glycerol conversion result (33.5%).
Hence, this catalyst was tested with a 72 h stability test at 800 ◦C, during which the glycerol conversion
firstly decreased from the 46% to the 33% after 10 h, and then remained almost stable for the next
60 h. After 10 h of reaction, H2 and CO concentrations increased, while CH4 decreased; the authors
suggested that coke gasification by water may have been responsible. TGA analysis performed on
the spent catalyst highlighted the presence of low- and high-temperature oxidation peaks, suggesting
the presence of both amorphous and graphitic carbon deposits, as was further confirmed by the SEM
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images, in which it was possible to appreciate the presence of encapsulated solid carbon deposits and
filamentous (whisker-like) carbon deposits [31]. The addition of lanthanum to Ni-based catalysts was
also investigated in the GDR. A 3wt.% La-promoted Ni/Al2O3 in comparison with the unpromoted
catalyst led to better metal dispersion, as evaluated by the increase in the specific surface area and
the decrease of the crystallite size (La-promoted catalyst: BET = 96 m2 g−1, crystallite size = 9.1 nm;
unpromoted catalyst: BET = 85 m2 g−1, crystallite size = 12.8 nm). The catalysts stability was tested
with a 72-h time-on-stream test at 750 ◦C and 1 atm with WHSV = 3.6·10−4 mL g−1 h−1, during which
no severe deactivation was encountered [253]. Regarding the aqueous-phase reforming of glycerol
(GAPR), Reynoso et al. compared two Pt/CoAl2O4 catalysts (Pt loadings of 0.3 wt.% and 1 wt.%) and
monometallic Pt/alumina and Co/alumina in 100 h time-on-stream experiments. The results of the tests,
which were performed at 260 ◦C and 50 bar with WHSV = 0.68 h−1, pointed out that while for the
bimetallic catalysts the glycerol conversion was high (above 99%) and stable during time-on-stream
testing, the monometallic catalysts suffered from deactivation. Similar outcomes were also obtained
in terms of the conversion of carbon to gas, which was almost stable at 95% for the bimetallic
catalysts, while CoAl and PtAl showed decreases of 36% and 30%, respectively. Raman spectroscopy
and temperature-programmed hydrogenation (TPH) were used to characterize the spent catalysts.
from the Raman spectra, the presence of ordered graphite-like structures on the monometallic catalysts
was evaluated, while no carbonaceous deposits were encountered on the bimetallic formulations.
Through the TPH analysis, the presence of a low temperature peak (T = 200 ◦C, ascribable to the
hydrogenation of the most amorphous carbon) was detected on the Pt-containing samples, suggesting
that the hydrogenation of carbon deposits could happen in the proximity of the well-dispersed PT
centers as a consequence of the spillover effect. However, the CoAl catalyst showed a higher amount
of deposited carbon (13.5 µmolC·gcat

−1), while for Pt-containing samples the values were much lower
(1.2–1.9 µmolC·gcat

−1) [254]. Furthermore, Pendem et al. [255] investigated the addition of potassium
to hydrotalcite (Pt-KHT) catalysts for GAPR, finding that the K promotion increased the basicity of the
catalyst and improved the hydrogen production. The results of the stability test carried out at 250 ◦C
showed a hydrogen selectivity of 67.4% after 3 h of reaction.

Table 3 provides the values for thee carbon formation rate obtained from the glycerol steam
reforming stability tests performed in the various considered studies. An analysis of the tendency to
form coke pointed out that both the active phase and the support play key roles in the final amount of
deposited carbon. Among the metals used for active phases, Ni showed better stability; indeed, all the
catalytic formulations based on Ni showed lower amounts of carbonaceous deposits. In particular,
the best carbon formation rates were seen for the 10Ni/Al2O3 and 10Ni/Al2O3/5CeO2 catalysts tested by
Demshash et al. (0.00067 and 0.000424 gcoke·gcatalyst

−1·gcarbon,fed
−1·h−1, respectively) [248]. Moreover,

the comparison between these two catalysts also highlighted that the support modification obtained
using CeO2 can lead to a further performance increase for the catalysts. However, the eventual use
of promoters in the preparation of catalysts is also of fundamental importance. Comparing the
performances of the catalysts prepared by Carrero et al. [231,249], it is possible to observe that for
SBA-15, the catalyst prepared using Ni as the active phase was characterized by high rates of carbon
formation; conversely, the addition of Co and Cr resulted in an improvement of the obtained results.
Indeed, from the investigation of the stability tests performed on Ni-Co/SBA-15 and Co/SBA-15
(stability tests were carried out at 600 ◦C and WHSV = 7 h−1), it seems that the Ni did not affect the
formation of coke, as the carbon formation rate values for the two catalysts were equal. In addition,
among all the catalysts tested by the authors, the lowest carbon formation rates were obtained with
a catalyst based on Ni (Ni-Cr/SBA-15 carbon formation rate = 3.009 gcoke·gcatalyst

−1·gcarbon,fed
−1·h−1),

thus confirming the better results obtained for Ni catalysts for glycerol steam reforming.
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Table 3. Carbon formation rate for various catalysts used for glycerol steam reforming.

Catalyst a Operative Conditions b T (◦C) WHSV c (h−1) X Glycerol (%)
Carbon Formation Rate
d (Multiplied for 1000)

Ref.

Glycerol steam reforming

8Ni/Al2O3
8Ni/ 4La2O3-Al2O3

mcat = 200 mg
31 v.v. % C3H8O3 and H2O (63% H2O, 7%
C3H8O3 and 30% He)
TOS = 4 h

700
GHSV =
50,000 mL
g−1h−1

~75
~80
After 4 h

0.141
0.152 [221]

Rh/alumina
0.1 mL min−1 of aqueous glycerol, P = 4.5 bar
mcat = 800 mg
TOS = 13 h

400 7.8 ~92
After 13 h 0.045 [227]

14.5Ni/SBA-15
14.5Ni-4Co/SBA-15
14.3Ni-3.6Cr/SBA-15
15Ni-4Cu/SBA-15

S/C = 2
Water/glycerol = 6 mol/mol
mcat = 300 mg
TOS = 5 h

600 7.7

~92
~94
~95
~88
After 5 h

27.879
5.092
3.009
51.157

[231]

8Ni/Al2O3
8Ni/CaO-MgO-Al2O3

mcat = 200 mg
31 v.v. % C3H8O3 and H2O (63% H2O, 7%
C3H8O3 and 30% He)
TOS = 20 h

600
GHSV =
50,000 mL
g−1h−1

~70
~80
After 20 h

0.057
0.048 [241]

10% CeO2 addition
to NiAl2O4 spinel

mcat = 500 mg
Water/glycerol = 9
(glycerol solution)/Ar = 1
TOS = 16 h

630 GHSV = 19600
cm3gcat

−1h−1
90
After 16 h 0.16 [245]

10Ni/Al2O3
10Ni/Al2O3/5CeO2

mcat = 1 g
30 wt.% glycerol feed
TOS = 16 h

650 12 - 0.00067
0.000424 [248]

7Co/SBA-15
7Co-8.5Zr/SBA-15
7Co-8.5Ce/SBA-15
7Co-8.5La/SBA-15

S/C = 2
Water/glycerol = 6 mol/mol
mcat = 300 mg
TOS = 5 h

600 7.7

~75
>90
>90
>90
After 5 h

5.092
5.555
5.555
4.629

[249]

12.5Ni-UGS

mcat = 500 mg
S/C = 3
Water/glycerol = 9
(Water+glycerol)/Ar = 1:4
TOS = 48 h

580 GHSV = 20600
cm3gcat

−1h−1
90
After 48 h 0.17 [251]

Note: a The metal or oxides loadings are intended for the weight of the catalyst; b refers to the glycerol mass flow
rate; c gcoke·gcatalyst

−1·gcarbon,fed
−1·h−1.

5. Other Bioalcohol Reforming

In recent years, hydrogen production through reforming processes has been widely studied.
In addition to the most investigated biosources, other bioalcohols have been explored as models for
hydroxyl-bearing oxygenates. Indeed, research towards the reforming processes of model compounds
is a powerful tool that can be used to approach the more complex implementation of bio-oil for H2

production [256]. The paucity of available literature concerning reforming of butanol (C4H9OH) and
propanol (C3H7OH), which are higher molecular weight alcohols and minor constituents of bio-oil in
comparison with methanol or ethanol, makes this an interesting topic. Indeed, as reported in Figure 21,
numerous advantages are gained through the use of butanol as a biohydrogen source [257,258].
Along with the other alcohols, reforming of butanol and propanol are processes in which the use of
catalysts plays a key role in reactivity regarding the complete conversion, hydrogen yield, and stability.
Indeed, different catalysts may induce different reaction pathways; therefore, the selection of a proper
catalytic formulation is of prime importance in order to reduce the promotion of undesired by-products
and to inhibit coke formation. The mechanisms that lead to coke formation in the reforming processes
of the two investigated alcohols are different. Butanol reforming proceeds through numerous pathways;
direct reforming and the formation of 1-butene, butyraldehyde, and coke deposits are mainly linked to
butyraldehyde rather than 1-butene [259,260]. Instead, regarding the coke formation in the reforming
process of propanol, the dehydration and dehydrogenation reactions lead to the formation of propene
and propanal, which can subsequently decompose to CO and ethane or condense to form heavier
compounds, leading to catalyst deactivation [256].
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High hydrogen content
•Butanol represents a very interesting feedstock since it has a high hydrogen content (13.51 wt.%)

High heating value
•Butanol contains 25% more energy compared to other alcholos, so better energy efficiency can be achieved with less fuel 

consumption

Low volatily
•As the saturation pressure of butanol is lower than methanol or ethanol, it will have less cavitation and vapor lock problems

Less ignition problems
•The autognition temperature of butanol is lower than methanol or ethanol

Intersolubility
•Butanol has better intersolubility quality than other alcohols, so it can easily blend with gasoline and diesel 

Higher visxcosity
•As the kinematic viscosity of butanol is high, this makes it a suitable fuel pump

More safe
•Butanol has a low vapor pressure, which makes it the safest fuel for high-temperature reforming

Easy of distribution
•Butanol is less corrosive than low-carbon alcohols, such as methanol or ethanol

Figure 21. Advantages of using butanol [259].

The metal phase ability to activate the alcohol, the role of the support in the dispersion of the
active phase and the eventual addition of promoters are crucial aspects to be taken into account in
order to disadvantage the formation of coke, thus promoting catalytic stability [259].

5.1. The Influence of the Active Phase

This section focuses on the roles of active species selection in catalytic performance for butanol
reforming; the stability of nickel-, ruthenium-, and platinum-based catalysts is discussed below.

The activity of nickel, as the most-used metal for reforming catalysts, has also been investigated in
the steam reforming of butanol. Dhanala et al. [261] performed a comparative study of steam reforming
(SR) and oxidative steam reforming (OSRB) of isobutanol on Ni/γ-Al2O3 catalysts with different nickel
loadings. Stability tests were carried out by the authors on the 30NiAl sample for the OSRB at 600 ◦C
with WHSV = 7.6 h−1 for 12 h of time-on-stream testing, during which 100% carbon conversion to
gaseous products persisted over time. The products distributions after the first 2 h of testing reached
steady-state values, with a H2 yield rate of ~60%, confirming the stability of the tested catalyst. A further
investigation on the spent catalysts showed the presence of complex criss-crossed carbon nanofiber
networks on Ni/γ-Al2O3 catalysts for both SR and OSRB, probably caused by the decomposition of
carbonaceous compounds. The authors also tested catalysts with different Ni loadings (in particular
30NiAl and 20NiAl) and the XRD analysis revealed that 30NiAl has a larger average crystallite size
than 20NiAl. Moreover, the further characterization of the two spent catalysts pointed out a correlation
between the extent of carbon deposits and the nickel crystallite sizes, while the carbon nanofiber
networks over 30NiAl were found to be denser and bigger than 20NiAl. In addition, the O2 addition
to the common steam reforming led to less and smaller carbon nanofibers for the OSRB compared to
SR. An investigation of Ni catalysts with various particle sizes (3.6–8.8 nm) was also carried out by
Wang et al. [262] through the preparation and testing of mesoporous MgO-supported Ni catalysts for
the butanol steam reforming (BSR). The different nickel particle sizes were achieved by the addition
of a specific amount of nickel precursor. The as-prepared catalysts with different Ni loadings were
denoted as NixO/MgO, with x = 0.04, 0.08, 0.12, 0.15, and 0.20. From the activity tests, Ni0.12O/MgO
(Ni size of 5.62 nm, as assessed by TEM analysis) showed better BSR results; thus, the catalyst
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was also submitted to a stability test for 20 h at 450 ◦C (S/C = 20, liquid flow rate = 5.5mL·h−1).
During the first 10 h of reaction, butanol conversion declined from 95.2% to 92.1% and the H2 selectivity
declined from 68.1% to 64.9%. Then, in the following 10 h, their values remained almost unchanged;
moreover, the tests on the spent catalyst showed no severe coke deposition. A comparison between
the activity of Ni and Co was carried out by Yadav and co-authors through the investigation of two
multiwalled carbon-nanotube-supported catalysts. From the activity tests, Ni/CNT showed higher
butanol conversion and hydrogen yield values for all the investigated temperatures (500, 450, 400,
and 350 ◦C); consequently, the catalyst was tested with 20 h of time-on-stream testing at 500 ◦C
(W/FA0 = 4.2 g h·mol−1). Only slight decreases in results were observed (butanol conversion decreased
from 63.6% to 59.6% and H2 yield decreased from 0.63 mol/mol to 0.57 mol/mol) [263]. A comprehensive
study on the deactivation mechanism of a 0.5 wt.% Rh/ZrO2 catalyst involved in steam reforming
and autothermal steam reforming (ATRB) of butanol was performed by Harju et al. [264]. Butanol
conversion on the catalyst and the bare support was investigated by the authors for both processes at
500, 600, and 700 ◦C (S/C molar ratio of 4 and O2/C molar ratio of 0.1). The results showed the highest
performance at 700 ◦C, with an initial complete conversion for both SR and ATR on the Rh/ZrO2 catalyst
and the bare support. However, while the conversion of the catalyst remained almost constant for 23 h,
butanol conversion with ZrO2 collapsed within 15 min. The authors suggested that the deactivation
of Rh/ZrO2 was mainly caused by the coke deposits on and near the Rh nanoparticles as a result
of butyraldehyde and condensation product formation. Moreover, the deactivation of the catalyst
follows a different route depending on the operative temperature; while at 700 ◦C the formation of
coke precursors is mainly caused by gas-phase reactions, at lower temperatures the formation of coke
deposits takes place mostly through reactions on the catalysts’ surfaces. Furthermore, Harju et al. [265]
performed a study on the same type of catalyst (Rh/ZrO2) used in the aqueous-phase reforming of
n-butanol. Their attention was focused on the effect of the variation of the support particle sizes.
The ZrO2 support was crushed and sieved in order to obtain three catalysts with particle sizes in the
range of 40–60, 60–100, and 250–420 µm. The stability tests, carried out at 220 ◦C and 35 bar with
LHSV = 150 h−1 for 4 h TOS, pointed out that the catalyst deactivation was faster for large support
particles, due to the high concentrations of butyraldehyde inside the catalyst particles, which favored
the formation of deposits caused by aldol condensation reactions. However, the catalysts with smaller
support particle sizes (4–60 µm and 60–100 µm) also showed decreases in the butanol conversion,
albeit with lower values. Regarding the selectivity towards gaseous products, the values were high and
almost constant for 40–60-µm and 60–100-µm Rh/ZrO2 catalysts (from 99% to 97% in 2.5 h), whereas for
the catalyst with the larger particle size this dropped off severely over time. Moreover, the elemental
analysis of the spent catalyst revealed that the formation of coke deposits increased as the particle sizes
of the catalysts increased. Yadav et al. [266] compared the activity and stability of two noble metal
catalysts, Pt/Al2O3 and Pd/Al2O3, for butanol steam reforming. The 20-h time-on-stream investigations
conducted at 500 ◦C exhibited a decrease from 82.5% to 74.1% for butanol conversion with Pt/Al,
while for the Pd/Al catalyst the conversion decreased from 80.5% to 74.1%. The H2 yield decreased
from 0.37 to 0.28 mol/mol for Pt/Al and from 0.3 to 0.24 mol/mol for the PdAl catalyst, thus pointing
out the good stability of both noble-metal-based catalysts. Wang et al. [256] performed a study on
n-propanol steam reforming with ruthenium and ruthenium-nickel bimetallic catalysts supported
on ceria-alumina oxides, analyzing the influence of the variation of the loading of nickel, loading of
ceria, and the calcination of the ruthenium precursor. The catalysts were denoted as AxCyN3Rc or
AxCyN3Rnc, where “nc” was used if the ruthenium precursor not calcined and “c” was used if it was
calcined; moreover, a stood for the alumina carrier, x was the wt.% loading of the ceria, and y was
the weight percent loading of nickel. In this section, the contributions of the calcination of Ru and Ni
loading will be discussed, while the effect of the addition of ceria will be discussed in the following
section. The investigation of the calcination of the Ru precursor pointed out that poor ruthenium
dispersion is achieved after the calcination of the precursor salt, worsening the steam reforming results.
On the other hand, from the tests carried out on catalysts with different Ni loading values, it was seen
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that the increase of Ni from the 2.5% to 10% resulted in a better n-propanol SR activity due to the
capability of Ni to activate the n-propanol molecules. Moreover, from the comparison between the
catalysts with and without Ni, a lower H2 formation rate and CO selectivity were found in the absence
of Ni, while CH4 was higher, suggesting that Ru is less active than Ni in the conversion of methane.

5.2. The Role of the Support

Various supports were selected for butanol reforming. This section describes the effect of the
support choice on catalyst stability for butanol reforming.

Due to its high surface area, alumina has been widely adopted as a support for reforming catalysts;
however, it has also been documented that the acidic nature of such a support may result in an
enhancement of coke deposits, mainly caused by dehydration reactions [259]. Bikzarra et al. [267]
investigated the effect of Al2O3 modifications by CeO2, La2O3, and MgO for Ni-based catalysts,
since their basicity could moderate the acid properties of alumina. Moreover, CeO2 and La2O3

were also adopted to improve the metal dispersion and prevent sintering, while MgO improved the
catalysts’ strength and enhanced the steam adsorption. Hence, five catalysts were prepared (Ni/Al2O3,
Ni/CeO2-Al2O3, Ni/La2O3-Al2O3, Ni/MgO-Al2O3) and tested in the n-butanol SR at three temperatures
(600, 700, and 800 ◦C), with a S/C ratio of 5. Among all the catalysts, Ni/CeO2-Al2O3 showed the
highest performance for all the investigated temperatures, reaching equilibrium hydrogen yields at
700 and 800 ◦C, while Ni/MgO-Al2O3 exhibited the lowest hydrogen yield in all the performed tests.
The adoption of Ni/ La2O3-Al2O3 resulted in experimental results that were much lower than those
predicted by thermodynamic equilibrium. Additionally, the CeO2-supported catalysts also led to high
CO2 selectivity values being obtained, suggesting the enhancement of the WGS reaction. On the other
hand, reduced CO2 selectivity values were obtained with the adoption of Ni/MgO-Al2O3, along with
high C2, C3, and C4 selectivity. Unfortunately, both CeO2- and MgO-supported catalysts showed
deactivation; for Ni/CeO2-Al2O3, decreases in the H2 yield rate and CO2 selectivity were observed
by the authors. XPS analysis on the spent catalysts showed different carbon species for investigated
samples, covering 62% to 93% of the total area. Lobo and co-authors [268] evaluated the support
modification effects for the aqueous steam reforming of 1-propanol. Three Pt/alumina catalysts were
prepared through atomic layer deposition, obtaining ~1-nm layer of Al2O3, TiO2, or CeO2 (Pt-Al, Pt-Ti,
Pt-Ce), which was tested at 230–260 ◦C and 69 bar in the presence of liquid water. All the catalysts
demonstrated good activity for 1-propanol conversion; the results decreased in the order of Pt-Ti> Pt-Al
> Pt-Ce. The authors suggested that the TiO2 coating enhanced the rate of the Pt clusters, while the
presence of CeO2 had the opposite effect. Moreover, the characterization of catalysts showed that the
coating of Al2O3 with both TiO2 and CeO2 led to a better Pt dispersion than that observed on the bare
alumina, and since Pt-Al performed better than Pt-Ce, this suggested that the dispersion of the Pt
particles was not the most critical aspect in determining the catalytic activity. Li et al. [269] investigated
the impacts of the acidic sites on the coke formation in the steam reforming of 1-propanol through
the comparison of Ni/Al2O3 and Ni/SiO2; indeed, while on Ni/Al2O3 the presence of both Lewis and
Brønsted acidic sites was observed, on Ni/SiO2 only Lewis acidic sites were detected by the authors.
The 4-h time-on-stream stability tests performed at 600 ◦C with a S/C ratio of 1.5 and a liquid flow rate of
0.12 mL·min−1 showed that the 1-propanol conversion was high in both catalysts (~100% on Ni/Al2O3

and ~98% on Ni/SiO2); however, the product distribution differed depending on the adopted support.
For Ni/Al2O3, the yields of H2 and CO2 were only 40 and 30%, respectively, and there were significant
amounts of CH4 and CO. Additionally, for Ni/SiO2, the methane formation was suppressed, resulting
in increases of H2, CO2, and CO yields. The increased activity of Ni/SiO2 compared to Ni/Al2O3

could be attributed to the presence of less-basic sites or the absence of Brønsted acidic sites on the
silica-supported catalyst. Moreover, neither catalyst showed signs of deactivation over the time period.
The TEM analysis carried out on the spent catalysts highlighted the presence of amorphous coke and
carbon nanotubes on both the samples; however, the amounts and the characteristics of the deposits
differed depending on the support. Indeed, Ni/Al2O3 displayed more amorphous coke deposits,
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while coke deposits were mostly carbon-nanotube-shaped on Ni/SiO2. Moreover, the diameter and
length of the carbon nanotubes were higher on Ni/SiO2 compared to Ni/Al2O3. The Ni/SiO2 catalyst
was found to promote the formation of carbon nanotubes; in fact, nanofiber-shaped carbon deposits
were also detected on its surface. On the other hand, finer carbon nanotubes that were mostly hollow
were observed for the Ni/SiO2 sample, while the thicker ones were mainly solid. The reason for this
result could be the different growth mechanisms of carbon nanotubes at different growth stages; in the
early growth stage, coke was mainly deposited from the inside, while in the latter stages of growth,
coke was deposited from the outside, thus increasing the diameter of the carbon nanotubes.

5.3. The Effect of the Addition of Promoters

In this section, the influence of the addition of promoters on the stability of the catalysts for
butanol reforming is discussed. In particular, the addition of noble metals to reforming catalysts is
a valuable feature that improves their coke resistance and stability. Indeed, despite their high cost,
the addition of small percentages of noble metals (e.g., Pt, Pd, and Ru) could result in an enhancement
of the metal dispersion and reducibility; moreover, they also possess high reforming activity, due to
the enhancement of the steam adsorption on the catalysts’ surfaces.

A study concerning the Pt, Pd, and Ru doping of Ni-Cu catalysts supported on a La-Mg mixed-metal
oxide for butanol SR pointed out the benefits of the addition of noble metals, which resulted in the
absence of coke deposits, thus increasing the stability of the catalysts. In particular, the stability of
the catalysts, which was tested at 500 ◦C and 1 atm with GHSV = 3120 h−1 for 30 h TOS, showed the
better performance of the Pt-promoted catalyst, characterized by improved butanol conversion and
hydrogen yield. Subsequently, in order to test the long-term stability of the investigated catalytic
formulations, up to 10 cycles were carried out, during which the stability rates of the catalysts were
in the following sequence: Ru > Pt > Pd. In fact, the Ru-promoted catalyst showed better stability,
despite producing lower H2 concentrations [270]. Furthermore, Sharma et al. [271] observed that
promotion of Ru on Ni xerogel catalysts for the autothermal reforming of isobutanol resulted in
improved hydrogen production and reduced coke formation. Indeed, the catalyst tested for 25 h TOS
at 700 ◦C with SV = 217,000 h−1, H2O/C = 2, and O/C = 0.1 showed a decrease in hydrogen yield from
1.53 to 1.4, showing a slow decrease of the reforming extent. Moreover, on the catalysts’ surfaces,
very low carbon deposits were detected by the authors. Lei et al. [272] evaluated the advantages of
the ZnO promotion on the performance of Pt/Al2O3 in the aqueous-phase reforming of 1-propanol.
An improvement in the sintering resistance of the Pt nanoparticles was observed upon addition of
Zn. In particular, three catalysts (Pt/ZnO/Al2O3, ZnO/Pt/Al2O3, and Pt/Al2O3) were prepared and
tested for APR at 250 ◦C and 64 bar; the hydrogen selectivity decreased in the order of ZnO/Pt/Al2O3 >

Pt/ZnO/Al2O3 > Pt/Al2O3. Indeed, ZnO/Pt/Al2O3 showed a H2 formation rate of 50.5%. Moreover,
both ZnO-promoted catalysts exhibited greater stability under APR conditions.

6. Conclusions

Bioalcohols reforming is a very active research area for clean hydrogen production. During the
last five years, the issue of catalyst deactivation has been widely investigated for ethanol steam
reforming and oxidative reforming, while only a few studies are available for dry reforming and
aqueous-phase reforming. The strategies for minimizing carbon deposition and particle sintering
involve the optimization of the dispersion of active species and the improvement of metal–support
interactions. In this regard, numerous catalytic formulations have been proposed (mainly based on
Ni,Co and Pt as the active phases), including bimetallic catalysts and samples containing additives, both
of which were prepared using different routes and employing various salt precursors. The addition
of promoters was also investigated as a valuable strategy to reduce the coke selectivity; at that end,
different criteria have been proposed and the authors have studied the effects of promoter selection,
promoter loading, preparation method, acidic–basic properties, as well as structural properties of the
support. The operative conditions (temperature, space velocity, feeding composition, and ethanol

170



Catalysts 2020, 10, 665

concentration in the reactant stream) also affect the amounts of carbon deposits on the catalysts’
surfaces; the lowest carbon formation rates (of the order of 10−6–10−7 gcoke·gcatalyst

−1·gcarbon,fed
−1·h−1)

were recorded for noble-metal-based and promoted catalysts. In particular, when ESR was performed
over Ir- and Rh-based catalysts, the CFR value was among the lowest reported in the present review.
Very low carbon formation rates were also measured in the presence of Pd, as well as over bimetallic
Rh-Ni catalysts. Regarding the tests performed in the presence of oxygen, the highest stability was
assured over the Pt-Ni/CeO2-SiO2 catalysts, as well as over Ru-based perovskites containing La as
the promoter. During dry reforming of ethanol, the choice of ceria and zirconia as catalytic supports
instead of alumina reduced the extent of the catalyst deactivation.

MSR is a very attractive alternative for hydrogen production due to the very low tendency for
coke formation. Most of the published work on this topic has been focused on Cu-based catalytic
systems; the low costs of these materials make them particularly attractive for industrial applications.
More sophisticated catalytic formulations, including noble-metal-based catalysts, could provide highly
efficient and stable systems, with improved performance in terms of resistance towards deactivation.
However, few articles have been published on these catalysts, meaning it is currently hard to establish
the real potential of these materials. Although there is high potential for the O2-assisted process in
terms of enhanced hydrogen productivity and the possibility to tune the methanol/oxygen ratio in the
power generation, such systems do not seem to provide a valuable alternative to the MSR in terms of
reducing the carbon formation rate. The use of alternative reactor configurations is very intriguing;
membrane reactor studies have demonstrated the competitiveness of these systems, both in terms of
hydrogen production and operating costs.

Bioglycerol reforming processes represent a promising route to improve the economic feasibility
of the biodiesel industry. The catalytic transformation of bioglycerol into hydrogen is mainly limited by
the undesired formation of coke deposits on the catalysts’ surfaces, thus affecting the catalysts’ stability,
making this an unfeasible industrial process. Therefore, many research studies have been devoted to
the deep understanding of the deactivation mechanisms and the possible ways to avoid this problem.
In this regard, feasible modifications of Ni-based catalysts have been reported as promising methods
to improve the hydrogen production. Moreover, further studies have been performed on the support
modifications devoted to improve the basicity of catalysts (e.g., the addition of more basic oxides to
high surface area supports, such as Al2O3) and on the effects resulting from the addition of promoters.

Among all the catalysts presented in this review, Ni-based catalytic formulations have shown
better stability, being characterized by lower carbon formation rates, with reduced amounts of carbon
deposits shown by 10Ni/Al2O3 and 10Ni/Al2O3/5CeO2. Moreover, analysis on the influences of
supports and promoters on the stability of catalysts has shown that both of these aspects contribute
to reducing the amount of carbon formed. Particular attention has been given to the modification of
supports that include more basic compounds (e.g., 10Ni/Al2O3/5CeO2 presented fewer carbon deposits
than 10Ni/Al2O3), as well as the use of metals as promoters (e.g., Cr, La, Ce). Reforming processes
for other bioalcohols have also been investigated in this review, as powerful tools for approaching
the more complex implementation of bio-oil in the field of H2 production. In particular, butanol and
propanol reforming processes have been analyzed, focusing on the influences of the active phase,
supports, and eventual promoters on the stability of the catalysts and the coke formation. Indeed,
for both bioalcohols, coke formation represents the main threat in the development process, and several
actions can be taken to improve the stability of the catalysts.
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Abbreviations

APR Aqueous-phase reforming
APRE Aqueous-phase reforming of ethanol
ASRM Autothermal steam reforming of methanol
ATR Autothermal reforming
BET Brunauer–Emmett–Teller surface area measurements
BSR Butanol steam reforming
CCR Carbon capture and recycling
CFD Computational fluid dynamics
CFR Carbon formation rate
CNF Carbon nanofibers
CNT Carbon nanotubes
DFT Discrete Fourier transform
DRIFT Diffuse reflectance infrared Fourier transform spectroscopy
DSC Differential scanning calorimeter
EDR Ethanol dry reforming
EDS Energy-dispersive X-ray spectrometry
EDX Energy-dispersive X-ray analysis
GAPR Aqueous-phase reforming of glycerol
GDR Glycerol dry reforming
GHSV Gas hourly space velocity
GSR Glycerol steam reforming
LHSV Liquid hourly space velocity
MSR Methanol steam reforming
MMT Montmorillonite
OSRE Oxidative steam reforming of ethanol
OSRM Oxidative steam reforming of methanol
OSRB Oxidative steam reforming of butanol
PEM Polymer electrolyte membrane
PO Partial oxidation
SEM Scanning electron microscopy
TEM Transmission electron microscopy
TGA Thermogravimetric analysis
TOF Turnover frequencies
TOS Time-on-stream
TPD Temperature-programmed desorption
TPH Temperature-programmed hydrogenation
TPO Temperature-programmed oxidation
TPR Temperature-programmed reduction
WGS Water–gas shift
WHSV Weight hourly space velocity
X Alcohol conversion
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
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Abstract: Thermochemical processes for biomass conversion are promising to produce renewable
hydrogen-rich syngas. In the present study, model fitting methods were used to propose thermal
degradation kinetics during catalytic and non-catalytic pyrolysis (in N2) and combustion (in synthetic
air) of sugarcane residual biomass. Catalytic processes were performed over a Rh-Pt/CeO2-SiO2 catalyst
and the models were proposed based on the Thermogravimetric (TG) analysis, TG coupled to Fourier
Transformed Infrared Spectrometry (TG-FTIR) and TG coupled to mass spectrometry (TG-MS).
Results showed three different degradation stages and a catalyst effect on product distribution.
In pyrolysis, Rh-Pt/CeO2-SiO2 catalyst promoted reforming reactions which increased the presence of
H2. Meanwhile, during catalytic combustion, oxidation of the carbon and hydrogen present in biomass
favored the release of H2O, CO and CO2. Furthermore, the catalyst decreased the overall activation
energies of pyrolysis and combustion from 120.9 and 154.9 kJ mol−1 to 107.0 and 138.0 kJ mol−1,
respectively. Considering the positive effect of the Rh-Pt/CeO2-SiO2 catalyst during pyrolysis of
sugarcane residual biomass, it could be considered as a potential catalyst to improve the thermal
degradation of biomass for syngas production. Moreover, the proposed kinetic parameters are useful
to design an appropriate thermochemical unit for H2-rich syngas production as a non-conventional
energy technology.

Keywords: biomass conversion; hydrogen production; kinetic models; lignocellulosic residue;
thermal degradation

1. Introduction

The increase in energy consumption due to population growth and the dependence on fossil fuels
have enlarged greenhouse gases emissions (GHG) with a major impact on environment and global
warming [1]. As a result, the use of renewable resources for sustainable energy production has been
recently promoted [2]. Lignocellulosic biomass, which includes agricultural and agroindustrial residues [3],
is considered as an interesting renewable resource since it has low cost, could be carbon neutral [4],
and its conversion implies low GHG emissions [5]. Different processes have been proposed for the use of
lignocellulosic biomass, such as pyrolysis [6], gasification [7], combustion [8,9], carbonization [10] and
liquefaction [11]. A combination of processes has been proposed as a non-conventional energy technology
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to produce hydrogen (H2) from biomass [6,12,13]. H2 has a high calorific value and can be used in fuel
cells (FC), which convert chemical energy into power and heat [14].

Colombia is the third Latin American country in biomass production [15] and generates
approximately 72 million tons of agricultural waste per year with a potential energy of at least
331,000 TJ/year [16]. Sugarcane press-mud is a byproduct obtained from the clarification of sugarcane
juice during the non-centrifugal sugar production [17]. This residue is obtained with a yield of 3 to
5 wt% [18], which represents about 1.36 Mton/year of sugarcane press-mud [19]. Currently, this residue
is used as a raw material for organic fertilizers [17] or, more often, discarded in large quantities,
generating pollution in sources of water. Sugarcane press-mud has been used to produce bioethanol
through fermentation [19]; nonetheless, it contains approximately 30 wt% lignocellulosic rich solid
waste that is currently discarded [19]. This solid waste will be hereinafter called sugarcane residual
biomass and will be the focus of this study.

Among thermochemical processes, pyrolysis of biomass is a widely used technology to produce
power or syngas in the absence of O2 [20,21]. Moreover, it is the most studied process since it
precedes other thermochemical processes as gasification and combustion [22]. Some studies have
shown that, due to the lignocellulosic composition of sugarcane residual biomass, pyrolysis is
an alternative to convert it into valuable products, such as H2-rich syngas, bio-oils and biochar [3,23,24].
However, one of the main problems during thermochemical processes is the low quality of the
produced gas due to the presence of higher organic and oxygenated compounds known as tars [25].
These condensable compounds decrease gas yields and process efficiency [26]. In order to improve
the gas quality, some authors have proposed the integration of pyrolysis with reforming [27] or
gasification [28] to reform the volatiles obtained during pyrolysis, therefore obtaining a H2-rich gas
stream [27]. Nevertheless, these processes are more complex, since each one operates under different
optimal conditions [29]. Thus, costs increase because of the need of more than one thermochemical
unit [13,27,30]. Hence, catalytic pyrolysis has emerged as a feasible and economic alternative due to
several reactions taking place, such as catalytic cracking, reforming and deoxygenation reactions of
heavy compounds that allow for organic compounds degradation [6] and carbon conversion [31].
Consequently, less tars and a H2-rich gas can be obtained in a single step.

Several catalysts have shown to improve the formation of gases during biomass pyrolysis [22,31,32].
Among them, there is a trend in the use of Ni-based catalyst due to the higher activity and low cost [25].
However, they can present deactivation due to the formation of coke on the catalyst surface [33].
Moreover, catalysts with noble metals such as Pt/Al2O3 [34], Rh-perovskite [30] and Pt-Rh/MgAl(O) [28]
have been tested during integrated pyrolysis processes with steam reforming to improve the quality of
condensable and non-condensable gas streams from pyrolysis [35,36]. In these studies, Pt and Rh have
shown great activity promoting reforming reactions; Pt has a great selectivity to H2, and Rh has a great
capacity to break O–H bonds, which deliver an increase in the H2 and CO yields [36]. Although these
catalysts have been used in steam reforming, it has been observed that during pyrolysis H2O is present
throughout the temperature range, allowing the reforming reactions to take place [31]. The above
is caused by the H2O contained in the sample and the degradation of hemicellulose and lignin [31].
Thus, studying low noble metal loading (<1% wt) catalysts in pyrolysis could improve the composition
of the gas streams obtained from this step, reducing additional equipment requirements or subsequent
high temperature conditions.

Besides, in order to obtain a rich gas outlet stream and to avoid catalyst deactivation, the use of
multifunctional catalyst that combine different supports has been recently proposed [33]. The presence
of CeO2 in catalysts such as Ni-Ce/Al2O3 and Ce/HZSM-5 avoids deactivation, since its redox properties
prevent coke formation [33]. Furthermore, noble metal catalysts have shown resistance to deactivation
and higher gas yields during biomass pyrolysis [28,30] and other thermochemical processes such
as combustion [34] and gasification [37]. CeO2 used as catalyst support can improve the thermal
stability and basicity of the catalyst, which increases CO2 adsorption by inhibiting coke formation and
reducing its deactivation [38]. Additionally, supports such as SiO2 offer high surface area, increasing
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the availability of active sites in the catalytic structure [38]. In this sense, a Rh-Pt/CeO2-SiO2 catalyst
designed by Cifuentes et al. [39] for ethanol steam reforming has shown elevated activity and selectivity
to H2. Consequently, it is proposed to evaluate this catalyst during the biomass pyrolysis for H2-rich
syngas production.

In that sense, understanding the thermal degradation of biomass under different atmospheres
is an important step in the design of biomass conversion process to obtain H2. Thereby, differences
in product distribution and kinetic parameters under catalytic and non-catalytic conditions must be
addressed for different degradation atmospheres. Thus, pyrolysis (N2) is commonly compared to
combustion (O2) [40–43], because the latter is the traditional thermal degradation process employed
to handle lignocellulosic solid wastes. For that purpose, TG analysis have been widely used in the
characterization of thermal degradation of different types of biomass, such as nutshell, pine sawdust [1],
other lignocellulosic biomass [40] and plastics [41]. TG analysis provides real-time information on the
thermal degradation of the sample as a function of time and temperature [44,45].

Once thermal degradation of the sample is studied, kinetic studies could be performed.
Degradation kinetics are an important tool to understand the progress of decomposition reactions [46].
Besides, kinetic study provides kinetic parameters as activation energy (Ei), pre-exponential factor (k)
and reaction models that describe the thermal degradation and allow for the design of thermochemical
units suitable for this type of residues [41]. Kinetic models of biomass pyrolysis are determined
based on the correlation between thermal degradation analysis and information about the released
products. This could be done by integrating TG analysis with FTIR (TG-FTIR) and mass spectrometry
(TG-MS) [8,47].

Kinetic modelling is usually performed by numerical methods like model fitting methods,
which estimate kinetic parameters of the thermal decomposition process using an integral approach,
hence the correlation with experimental data is easy and precise [9,48,49]. Gangavati et al. [24]
reported the kinetic parameters found through TGA of a press-mud obtained from a sugar mill in
India. Parameters were calculated using different relations from literature such as Coast and Redfern,
Agrawall and Sivasubramanian methods in order to compare the values obtained [24]. Meanwhile,
Garrido et al. [41] studied the thermal decomposition of viscoelastic memory foam by TG Analysis
under different atmospheres and proposed a model with three consecutive reactions and the kinetic
parameters using integral methods that involve all the heating rates evaluated, which gives more
accurate parameters [49,50]. The above agree with Anca-Couce et al. [51], who compared kinetic
parameters obtained by model free methods and model fitting methods during beechwood pyrolysis
and concluded that model fitting methods are more reliable and show a better fit. However, for catalytic
processes, the kinetic parameters have been only obtained by model free methods. For instance,
Yang et al. [22] evaluated the effect of the multifunctional Ni-CaO-Ca2SiO4 catalyst on the kinetics of
catalytic pyrolysis of straw, sawdust and cellulose finding an increase in the intensity of H2 and CO
observed by TG-MS and the reduction of activation energies for all biomasses. Moreover, Loy et al. [5]
reported a kinetic parameter during non-catalytic and catalytic pyrolysis of rice husk, using rice hull
ash catalyst, obtaining Ei values in the range of 190–186 kJ mol−1 and 154–150 kJ mol−1, respectively.
The parameters were obtained by model free methods [5].

Therefore, this study aimed to evaluate the effect of the Rh-Pt/CeO2-SiO2 catalyst during the
pyrolysis and combustion of sugarcane residual biomass. Thermal degradation kinetic models were
proposed, and their parameters calculated by model fitting methods based on the released products
obtained from TG, TG-FTIR and TG-MS analysis. Obtaining the accurate kinetic parameters of catalytic
conditions under different atmospheres and understanding the products evolution of the biomass
catalytic pyrolysis will help us with a rigorous reactor design of the thermal degradation of sugarcane
residual biomass.
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2. Results and Discussion

2.1. Biomass Characterization

Table 1 presents the results of the ultimate and proximal analysis carried out on the sugarcane
residual biomass. The composition obtained in the ultimate analysis is comparable to that reported for
other biomass such as peat [52], pinewood [53] and vegetable waste [48], among others. The sugarcane
residual biomass contains a low percentage of nitrogen and does not contain sulfur, which makes it
promising for its thermal conversion since it reduces the emissions of SO2, NOx and soot [4]. Besides,
it presents a higher heating value of 22.9 MJ kg−1, which is within the average of the energy contained
in the traditional coal found in Colombia [54]. Moreover, it is similar to the reported for the olive
peel, which has been used to obtain H2 through pyrolysis [55]. The ashes percentage reported for
different types of biomass is lower than 10% [40,45,53]. Sugarcane residual biomass has an 8.1 wt% ash,
which is composed mainly of Al, K, Fe and Si, according to the ICP-MS analysis. Depending on the
concentration of these metals, they can act as catalysts, modifying the products of the decomposition.
However, concentrations of these metals in sugarcane residual biomass are below the minimum
concentrations that affect thermal degradation products [56].

Table 1. Characterization of the sugarcane residual biomass.

Moisture (as Received) [wt%] 2

Elemental Analysis [wt%]
C 50.0
H 7.2
N 0.9
S N.D
O (by difference) * 33.7

Proximate Analysis [wt%]

Ashes 1 8.1
Volatile matter 1 82.8
Fixed carbon 1 9.1

Calorific Value [MJ kg−1]
HHVdb 22.9
LHVdb 21.3

ICP-MS [mg g−1]
Al 3.30
K 2.58
Fe 2.52
Si 1.07
Mg 1.04

* Free of ashes. 1 Dry basis. N.D not detected.

The IR spectrum of the sugarcane residual biomass (Figure 1) shows signals from the bands
associated with the vibrations of the CH2 and CH3 (2935–2915 cm−1) and the –OH (3370–3420 cm−1)
stretches, which are attributed to the functional groups present in hemicellulose, cellulose and
lignin [53]. Besides, the presence of these components is confirmed by bands in 1740, 1329 and
1375 cm−1, characteristic of cellulose and hemicellulose and bands in 1463 and 1240 cm−1, associated
with lignin [48,57]. The bands identified at 1740 and 1620 cm−1 are related to ketone and ester groups,
associated with the fat content of biomass [57]. Bands at 2980 and 2925 cm−1 correspond to the stretches
of the methyl (C–H) and methylene (=CH2) groups, respectively [1,58]. Finally, bands between 1200 and
900 cm−1 are related to the overlap of polysaccharide and siloxane, and the peak centered at 1050 cm−1

is attributed to the symmetric stretching of the polysaccharides (C–O–C) [52]. Therefore, sugarcane
residual biomass is composed mainly of volatile matter, which in previous studies was found to be
mainly composed of cellulose, hemicellulose and lignin [23]. The content of crude fiber (hemicellulose,
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cellulose and lignin) in the sugarcane residual biomass and the characterization of the complete
sample was reported in previous studies [19]. Nevertheless, sugarcane residual biomass also presents
approximately 18 wt% of ashes and fixed carbon that will have to be considered in the subsequent
analysis. The TG analysis of the sugarcane residual biomass is analyzed as follows.

 

Figure 1. FTIR spectra of sugarcane residual biomass.

2.2. TG Analysis

Thermal degradation of the sugarcane residual biomass was analyzed under N2 and air
atmospheres, in the presence and in the absence of Rh-Pt/CeO2-SiO2 catalyst. The biomass/catalyst ratio
is an important aspect in thermo-catalytic processes. Sebestyén et al. [59] analyzed two biomass/catalyst
ratios, i.e., 10:1 and 1:1, during the catalytic pyrolysis of biomass in the presence of HZSM-5 and found
that the effect of the catalyst is poorly visible at a ratio of 10:1. The 1:1 ratio allows to observe the effect of
the catalyst in kinetic studies, but it must be varied for applications in pilot-scale reactors. Thus, following
previous methodologies of catalytic pyrolysis [6,22], in this study, we used a biomass/catalyst ratio of 1:1
to clearly observe the effect of the catalyst at a lab-scale. Figure 2 shows the DTG curves obtained during
the pyrolysis and combustion of both biomass and biomass/catalyst 1:1. During thermal degradation
of the biomass by pyrolysis (Figure 2a,b) and combustion (Figure 2c,d), three characteristic degradation
stages were identified: dehydration, devolatilization and degradation [26]. The first degradation zone
(Stage I) corresponds to the dehydration phase, in which the moisture contained in the sample and
some volatile compounds are released [40]. The degradation in this stage is intense in comparison with
other studies; this is due to degradation of hemicellulose, cellulose and lignin that forms H2O(g) from
the OH-groups [59]; this is consistent with that reported for pine sawdust, salt sawdust, walnut shell [1]
and wood sawdust [45]. The second zone (Stage II) corresponds to the degradation of hemicellulose
and cellulose. This stage presents a greater peak for the thermal degradation during combustion,
due to the presence of O2, which allows the conversion of the carbonaceous residues, since oxidation
reactions are favored [40]. During pyrolysis (Figure 2a,b), a shoulder is observed, which may be
associated with the overlap between the degradation of hemicellulose and cellulose. Finally, there
is the third degradation stage (Stage III), which ends at a temperature close to 500 ◦C and coincides
with that reported for sugarcane press-mud [24] and pine sawdust [1]. The last stage corresponds
to the overlapping of cellulose and lignin, since, as reported by Yang et al. [57] and Naik et al. [53],
the degradation of lignin occurs over the entire range of temperature, with a maximum peak of
degradation at temperatures >500 ◦C. However, no significant weight loss was observed at these
temperatures during either pyrolysis or combustion of the sugarcane residual biomass.
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Figure 2. DTG curves during (a,b) pyrolysis (N2) and (c,d) combustion (synthetic air) of (a,c) biomass
and (b,d) biomass/catalyst 1:1. Catalyst: Rh-Pt/CeO2-SiO2. Continuous lines for experimental data
(Exp) and dashed lines for calculated data (Cal).

Additionally, during pyrolysis and combustion, no further degradation of samples was achieved
at temperatures >500 ◦C. The final solid obtained for pyrolysis and combustion was 20 and 8 wt%,
respectively. Differences between the conversion of the sample in both atmospheres are attributed to
the presence of O2, which favors oxidation reactions including fixed carbon content [40]. Therefore,
the final weight percentage of the combustion reaction represents the same value of ash present in
the sample (see Table 1). On the contrary, during pyrolysis, the final weight fraction at 900 ◦C was
higher, as carbonaceous compounds (fixed carbon) remained unreacted even at higher temperatures
increasing the final biochar. Nonetheless, the final solid fraction of 20 wt% is similar to that reported
for wood sawdust [45] and Chlorella vulgaris [60].

In Figure 2, it is observed that, with an increase in the heating rate, the decomposition rates
increase. Additionally, a higher conversion is observed during pyrolysis of biomass with a heating
rate of 5 ◦C min−1. Similar results were reported by Mishra and Mohanty [1], who reported that at
higher heating rates, biomass does not react completely, causing a greater production of carbonaceous
residues. On the other hand, there is no difference between the conversions of the sample for the
different reaction rates in the oxidizing atmosphere, surely caused by the presence of oxygen which
accelerates decomposition.

Additionally, Figure 2b,d shows the DTG curves during pyrolysis and combustion of sugarcane
residual biomass in the presence of the Rh-Pt/CeO2-SiO2 catalyst. For both atmospheres, a shift is
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observed to the left of the curves for all the heating rates. This suggests that the catalyst reduces
thermal degradation temperatures [26], causing the sample to degrade faster and at lower temperature.
Catalytic pyrolysis also shows a greater degradation of the sample, which suggests that the catalyst is
active even at temperatures <400 ◦C, where different reactions are occurring compared to the sample
without catalyst (Figure 2a). On the contrary, Loy et al. [61] observed a lower degradation during
pyrolysis of rice husk biomass with commercial Ni powder catalysts compared to the sample without
catalyst. They attributed this behavior to the possible coke deposits due to polymerization reactions
that deactivates the catalyst, leading to a lower conversion of the sample [61]. This suggests that
catalytic pyrolysis over Rh-Pt/CeO2-SiO2 allows further degradation of the biomass because it is active
for the decomposition of other compounds at higher temperatures.

Current results suggest that the pyrolysis and combustion of biomass follow a different path,
since there is a difference between the degradation of the three main components (i.e., hemicellulose,
cellulose and lignin). Therefore, it is important to associate each degradation stage with the released
products in order to propose the possible reactions that are occurring. For this, TG-FTIR and TG-MS
analyses were carried out, and the results are shown in the upcoming sections.

2.3. TG-FTIR Analysis

Figure 3 shows the FTIR spectra obtained for each temperature of the degradation stages mentioned
in Section 2.2. Additionally, Table 2 presents the summary of the main signals observed for functional
groups such as C=O, C=C, O–H and C–O–H under both atmospheres. Moreover, characteristic bands
of the released gaseous products, i.e., CO2, CO, H2O and CH4, are listed. During the non-catalytic
pyrolysis (Figure 3a), in stage I of degradation occurring at 243 ◦C, bands of CO2 were observed
between 1800 and 1400 cm−1 (C=O and C=C groups) [52] and close to 2400–2200 cm−1. These bands
decrease when the temperature increases, which indicates that C=O and C=C bonds are breaking at
higher temperatures. Then, in stages II and III (338 and 375 ◦C), bands between 3200 and 2700 cm−1,
associated with the symmetrical and asymmetric vibrations of the C–H groups [62], appear and increase
with temperature. In all the spectra, there is a noise zone between 3900–3300 cm−1, which may be
associated with the moisture of the samples. Although in DTG curves (Figure 2) a fourth stage was
not identified, a less intense band between 2100–1900 cm−1 was observed at 842 ◦C. This band is
associated with the formation of CO due to the breaking of the C=O and C=C bonds and possible OH
bonds [42,52], which explains the decrease in the intensity of the bands at 1684, 1718 and 1509 cm−1.
Moreover, it confirms that the degradation of these groups leads to the formation of CH4, due to the
increase of bands at 2924 and 1440 cm−1 favored by the increase in temperature. The presence of other
functional groups such as –CH2OH, OCH3, CHO and C–O–H (furans) can be identified in the region
between 1900 and 1100 cm−1 [47,52].

Table 2. Assignment of the observed bands to the functional groups during the pyrolysis and
combustion of sugarcane residual biomass [62,63].

Species Functional Group Wavenumber (cm−1)

CH4 C–H 2924, 1440
CO2 C=O 2361
CO C–O 2115
Aldehydes, ketones and acids C=O 1900–1600
Carboxylic acids C=O 1173
Aromatics C=C 1640
Overtones of CO2 C=O 726–586
Hydroxyl group O–H 3900–3600
H2O O–H 1509, 1757
Hydroxyl group of phenolic compounds O–H 1336, 1450
Phenols C–O–H 1223
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Figure 3. FTIR spectra obtained at the maximum decomposition rates during pyrolysis of (a) biomass
and (b) biomass/catalyst 1:1 at 10 ◦C min−1. Catalyst: Rh-Pt/CeO2-SiO2.

Concerning the spectra obtained for the catalytic pyrolysis (Figure 3b), it shows the signal of the
same functional groups as the non-catalytic process. However, bands show a lower intensity and
appear at lower temperatures, which coincides with the observed in Figure 2a,b, where the curves
shifted to the left due to de decrease in the degradation temperature of the biomass. Besides, the CO2

band (2330 cm−1) is observed negative, which indicates that CO2 reacts in the presence of catalyst.
This may be related with the dry reforming of hydrocarbons that can be favored [61]. Consequently,
a decrease in the intensity of the C=C and CH4 bands is also observed. During pyrolysis (Figure 3a),
the formation of alkanes, alkenes, other hydrogenated compounds and some carboxylic acids or esters
are favored. On the contrary, during catalytic pyrolysis (Figure 3b), other reactions are favored by
the presence of catalyst that possibly produce H2 and CO. H2 cannot be observed through TG-FTIR,
but a small peak at about 2115 cm−1, corresponding to CO, suggests that reforming and tar-cracking
reactions are occurring [6]. Hence, it can be said that the sugarcane residual biomass follows the
three stages of degradation characteristic of biomass in inert atmosphere or pyrolysis [45].

The spectra derived from the maximum temperatures of degradation in the combustion of
sugarcane residual biomass are shown in Figure 4. The same bands were identified in both atmospheres
(pyrolysis and combustion), but with different intensities. During combustion, the band of CO2

at 2330 cm−1 shows a greater intensity than during pyrolysis. Likewise, in non-catalytic conditions
(Figure 4a), CO2 increases with temperature. Besides, the bands of CO and hydroxyl groups (–OH at 3727
and 669 cm−1), which are related with water [63], appear in the second stage of degradation. Otherwise,
in catalytic combustion, bands of CO and CO2 were identified since stage II of degradation (Figure 4b).
The above indicates that the formation of CO2 through decarboxylation reactions, due to the breakdown
of carboxylic acids [62,63], is occurring at lower temperatures, confirming that observed by TG analysis.
In the case of pyrolysis, the intensity of the band of the C=O groups increases with temperature (Figure 5).

TG-FTIR results (Figures 3 and 4) provide useful evidence of the formation of volatile organic
species during pyrolysis and combustion of the sugarcane residual biomass, in which catalytic pyrolysis
promotes the conversion of carbon and the breaking of C=C bonds, releasing more volatiles. Meanwhile,
during combustion, despite obtaining a higher sample conversion, the main volatiles obtained were
CO2 and CO, with higher intensities than during pyrolysis. However, due to the similarity between the
functional groups of some compounds, the bands cannot be easily assigned. Consequently, the products
of degradation are better detailed by TG-MS analysis, as presented in what follows.
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Figure 4. FTIR spectra obtained at the maximum decomposition rates during combustion of (a) biomass
and (b) biomass/catalyst 1:1 at 10 ◦C min−1. Catalyst: Rh-Pt/CeO2-SiO2.

 

 

−Figure 5. Profiles of the ions m/z = 14, 15, 16, 17, 18, 28 and 44 by TG-MS at 30 ◦C min−1, during (a,b)
pyrolysis and (c,d) combustion, for (a,c) biomass y (b,d) biomass/catalyst 1:1. Catalyst: Rh-Pt/CeO2-SiO2.
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2.4. TG-MS Analysis

Figure 5 shows the ion profiles of CO (m/z = 28), CO2 (m/z = 44), CH4 (m/z = 14, 15 and 16)
and H2O (m/z = 17 and 18) during catalytic and non-catalytic thermal degradation in pyrolysis and
combustion atmospheres. Additionally, a semi-quantitative analysis was carried out, by integrating
the intensity vs. temperature data of each ion (Table 3). Moreover, non-catalytic pyrolysis was used to
normalize the areas obtained for all catalytic and non-catalytic pyrolysis and combustion; this was
done in order to compare the syngas composition under the different conditions. The appearance of
the degradation products corresponds to each of the three stages of degradation identified for both
pyrolysis and combustion, which is consistent with that observed in TGA and TG-FTIR analyses.
In addition, H2O and CH4 profiles show changes in their intensity in both atmospheres from the first
stages of degradation (Figure 5a,c). Finally, CO and CO2 are clearly identified during combustion in
the three stages of degradation (238, 343 and 468 ◦C).

Table 3. Relative proportion of key species with respect to non-catalytic pyrolysis.

Species
Key Ion
Fragment

m/z
Non-catalytic

Pyrolysis
Catalytic
Pyrolysis

Non-Catalytic
Combustion

Catalytic
Combustion

H2 H2
+ 2 1.0 2.4 0.5 0.6

Methane
CH3

+ 15 1.0 0.6 1.8 1.5
CH4

+ 16 1.0 0.8 16.6 21.2

Water
OH+ 17 1.0 0.6 2.6 2.2
H2O+ 18 1.0 0.5 2.3 1.9

CO CO+ 28 1.0 1.2 3.6 2.3
C2
+

Hydrocarbons
C2H2

+ 26 1.0 0.7 2.2 1.3
C2H3

+ 27 1.0 0.6 2.1 1.0

C3
+Hydrocarbons

C3H5
+ 41 1.0 0.8 2.0 1.5

C3H6
+ 42 1.0 0.8 3.1 2.8

C3H7
+ 43 1.0 0.8 7.3 5.9

Aldehydes CHO+ 29 1.0 0.9 3.4 1.7
Formaldehyde CH2O+ 30 1.0 0.9 11.1 8.7
CO2 CO2

+ 44 1.0 0.9 28.5 26.6

Alcohols
CH2OH+ 31 1.0 0.8 56.5 52.4
C2H5OH+ 46 1.0 1.0 14.1 13.1

The combustion of sugarcane residual biomass showed CO, CO2 and H2O as the main products,
with intensities higher than pyrolysis (Figure 5c vs. Figure 5a and Table 3). Furthermore, in presence
of catalyst, intensity of CO and CO2 peaks increased when compared with the combustion without
catalyst (Figure 5d vs. Figure 5c). This confirms that the presence of catalyst favors the formation of
these products through oxidation reactions of the heavier hydrocarbons (C+) [59], by chemisorption of
O2 at the active sites of the catalyst. These active sites break the C=C bonds and promote the formation
of CO and CO2 [42]. Therefore, C2

+, C3
+ and CH2O+ reduced their proportions. The same behavior

was observed by TG-FTIR.
Figure 6 shows the ion profiles that make up some of the products of biomass pyrolysis:

H2 (m/z = 2), C2H2
+ and C2H3

+, named C2
+ hydrocarbons (m/z = 26, 27), C3H5

+ and C3H6
+, named

C3
+ hydrocarbons (m/z = 39, 41, 42) and formaldehyde (CH2O+, m/z = 30) and the effect of the

Rh-Pt/CeO2-SiO2 catalyst therein. Figure 6b,d shows that the ion profiles are displaced slightly to
the left, suggesting that the catalyst promotes the reactions at lower temperatures [59]. In addition,
in the atmosphere of non-catalytic pyrolysis (Figure 6a), an increase in the H2 profile can be observed
and only occurs at temperatures above 600 ◦C. On the other hand, for the biomass/catalyst sample,
two peaks of H2 at 300 and 550 ◦C are observed, accompanied by a CO peak. Yang et al. [22] studied
the catalytic pyrolysis of sawdust and straw on Ni-CaO-Ca2SiO4 catalyst and observed only one H2

peak at 400 ◦C. Therefore, our Rh-Pt/CeO2-SiO2 catalyst is showing itself able to promote reforming
reactions between the water released in both, dehydration and degradation stages, and the C2

+ and
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C3
+ compounds, leading to a release of CO and H2 [33]. This is confirmed by the decrease in the

intensity of C2
+ and C3

+ ions and the spectra obtained in Section 2.3 (Figure 3a and Table 3), and by the
observed in Figure 5a, where the H2O intensity is lower for the catalytic pyrolysis and is more revealing
that the signal observed in TG-FTIR (Figure 3b). Besides, Table 3 shows that during catalytic pyrolysis,
the amount of H2 is 2.4 times higher than non-catalytic conditions. Minh Loy el al. [61] reported an
increase of 1.4 times H2 composition over non-catalytic pyrolysis of rice husk in the presence of Ni
powder catalyst. Furthermore, despite this catalyst being designed for reforming processes, in which it
is active at temperatures above 600 ◦C [39], in Figure 6b it can be seen that Rh-Pt/CeO2-SiO2 is active
for the production of H2 even at 300 ◦C.

 

−
Figure 6. Profiles of the ions m/z = 2, 26, 27, 27, 29, 30, 39, 41 y 42 by TG-MS at 30 ◦C min−1,
during (a,b) pyrolysis and (c,d) combustion, for (a,c) biomass y (b,d) biomass/catalyst 1:1. Catalyst:
Rh-Pt/CeO2-SiO2.

On the other hand, Table 3 shows that combustion produces half as much H2 as non-catalytic
pyrolysis, which explains the low intensity of the H2 ion signal observed in Figure 6c,d. This confirms
that the presence of O2 in the medium causes the hydrocarbons preferentially convert into CO and
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CO2 (Figure 5c,d). These results are consistent with Yuan et al. [40], who reported the presence of H2

during pyrolysis of rice husks and other wood and plant residues, while did not observe the presence
of H2 during the combustion of the same residues.

These results show in detail some of the compounds identified during the decomposition of
sugarcane residual biomass in the two atmospheres, where different reactions occur. Moreover,
the catalyst makes the reactions occur faster and at lower temperatures. This leads to a proposal
of two different mechanisms of degradation. In the case of pyrolysis, it is observed that in stage I
dehydration of the sample occurs, and in sequence, the hemicellulose and cellulose are degraded in light
volatile compounds such as CH4, ethane and ethylene. Meanwhile, during stage II, heavier compounds
are obtained, including propylene and carboxylic acids. In Stage III, the higher hydrocarbons disappear
as the temperature increases (> 400 ◦C), and this leads to the formation of H2, CO and CO2. During
the catalytic pyrolysis, it is observed that the catalyst affects the degradation reactions of the heavy
compounds, which occurs at a lower temperature and allows for a higher production of H2 and CO.

The mechanism proposed for combustion and pyrolysis follows three main parallel reactions.
Nevertheless, as noted in the results shown in Sections 2.3 and 2.4, different product distribution occurs
mainly by the presence of oxygen during combustion that favors decarboxylation reactions, obtaining
CO and CO2. Therefore, in the following section, the kinetic models for pyrolysis and combustion are
proposed in order to obtain the parameters that describe the thermal decomposition of this residue
and the effect of the Rh-Pt/CeO2-SiO2 catalyst.

2.5. Kinetic Model

Despite differences between the product distribution in the two atmospheres evaluated,
both present three stages of degradation, as can be seen in DTG decomposition curves (Section 2.2).
The proposed model consists of three parallel reactions (according to the stages of degradation
identified), each one following an independent reaction, according to Equation (1). The same models
were used in the absence (pyrolysis) and in the presence (combustion) of air and were used to find the
kinetic parameters of the reactions in the presence and in the absence of Rh-Pt/CeO2-SiO2 catalyst.

csi0Componenti → (csi0 − vi∞)Residuei + vi∞Volatilesi (1)

where “Componenti” (i = 1 to 3) refers to different fractions of the original material, “Volatilesi” are
the gases and condensable volatiles evolved in the corresponding reactions (i = 1 to 3), and “Residuei”
is the char formed in the decomposition of each Componenti (i = 1 to 3). In addition, a fraction of
material is introduced into the model that cannot be decomposed under the test conditions, cinert0,
which will be different in pyrolysis and combustion. The parameters vi∞ and (csi0 − vi∞) are the yield
coefficients for volatiles and solid residues, respectively. Finally, csi0 represents the sum of initial mass
fractions of Componenti [41,43].

Due to the temperature interval where the first component (Component1) is decomposed, it would
mainly be related to the degradation of hemicellulose [64]. In the same way, Component2 would be
related to the decomposition of the cellulosic components of the biomass, and the third component
(Component3) would represent lignin fractions [64]. Nevertheles, the analysis of these different
fractions does not represent exacttly the contributions of each component (cSi0), as mentioned in previus
works [41,64].

This is also supported by the evolution of volatiles observed in the TG-FTIR and TG-MS analyses
(Sections 2.3 and 2.4). The same reaction pathway described by Equation (1) is valid in the presence of
oxygen, but obviously it differs from pyrolysis in the presence of oxygen as reactant in the three reactions.

The reaction conversion is defined as the ratio between the mass fractions of the solid reacted at
any time (cSi0 − wSi) and the corresponding initial fraction of this component [43]:

αi =
cSi0 − wSi

cSi0
; i = 1, 2, 3 (2)
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In the previous expression, wsi is the weight fraction related to the decomposition of Componenti.
Applying the kinetic law for the proposed solid decomposition, the kinetic expression for the
decomposition of each Componenti can be expressed as follows:

−
d(wsi/csi0)

dt
= dαi/dt = ki(1− αi)

ni (3)

where ni is the reaction order and ki the kinetic constant of the corresponding reaction that follow the
Arrhenius equation:

ki = ki0expEi/RT, i = 1, 2, 3 (4)

ki0 is the pre-exponential factor (s−1) and Ei is the apparent activation energy (kJ mol−1). To solve the
differential equations described in Equation (3) and find the degree of conversion αi, the Euler method
was used. With the experimental data obtained from the TGA analysis (Section 2.2), 12 parameters
were assumed (ni, ki0, Ei and cSi0) for each of the atmospheres (catalytic and non-catalytic pyrolysis and
combustion), but these parameters were maintained for the runs performed at different heating rates.
The model data calculated was the change of the mass fraction of each Componenti with time (–dws/dt):

wcal
s = 1− cinert0 −

∑

i

cSi0αi (5)

−
dwcal

s

dt
=
∑

i

cSi0
dαi

dt
(6)

The optimization was carried out in Microsoft Excel spreadsheet, using the Solver function.
The approach of the functions to be optimized was made by minimizing the square differences between
the calculated and experimental data. The objective function (O.F.) to be minimized in each case was:

F.O =
M
∑

m=1

J
∑

j=1

(w
exp
s −wcal

s )
2

(7)

where M is the number of experiments, which in this case were three, one for each heating rate (5, 10
and 20 ◦C min−1), and J is the number of points used in the optimization of each experiment. Finally,
the variation coefficient (VC (%)) was calculated to validate the model obtained (Equation (8)) [41,43].

VC =

√

F.O/(J − P)

w
exp
s

∗ 100 (8)

where J is the number of data points in each experiment (approx. 300), and P is number of parameters

optimised. w
exp
s is the average of experimental values of mass fraction for each run.

The kinetic parameters obtained from the optimization of the experimental curves are presented
in Table 4. It was observed that the presence of Rh-Pt/CeO2-SiO2 catalyst has a positive effect over Ei

values of Component1 and Component2 in pyrolysis and Component1 and Component3 in combustion.
For the pyrolysis of Components 1 and 2, the presence of catalyst resulted in a decrease of Ei from
133.6 and 108.9 kJ mol−1 to 104.2 and 75.1 kJ mol−1, respectively. Meanwhile, in combustion the
catalyst decreased the Ei values for Components 1 and 3, from 144.2 and 210.5 kJ mol−1 to 127.5 and
156.6 kJ mol−1, respectively. This confirms that the Rh-Pt/CeO2-SiO2 catalyst has a positive effect by
reducing the difficulty of thermal degradation [59] of sugarcane residual biomass.

The values of Ei and the kinetic constants obtained for the pyrolysis are similar to those reported
for rice husk [61], considering that Component1 is mainly related to the decomposition of hemicellulose,
Component2 to the cellulose and Component3 to the lignin. Moreover, Wang et al. [32] reported Ei

values of 154, 113.3 and 206 kJ mol−1, for hemicellulose, cellulose and lignin, respectively. Although
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the presence of catalyst does not decrease the Ei for all of the degradation stages, it reduces the Ei of the
overall process from 120.9 to 107.0 kJ mol−1 in pyrolysis and from 154.9 to 138.0 kJ mol−1 in combustion
(Table 4). This shows that the Rh-Pt/CeO2-SiO2 catalyst is promising for the use in biomass thermal
degradation processes and may offer lower energy requirements. Besides, those values are comparable
with the values of catalytic pyrolysis reported by Fong et al. [60] over HZSM-5 zeolite/limestone for
algae biomass (between 145 and 156 kJ mol−1) and those of in-situ catalytic pyrolysis of rice husk over
Ni powder catalyst reported by Loy et al. [61] (between 50 and 163 kJ mol−1), all of them obtained by
model free methods.

Table 4. Kinetic parameters obtained for the catalytic and non-catalytic pyrolysis and combustion of
sugarcane residual biomass.

Component
Kinetic

Parameter
Non-catalytic

Pyrolysis
Catalytic
Pyrolysis

Non-catalytic
Combustion

Catalytic
Combustion

1

Tmax 243 243 238 238
ki0 [s−1] 2 × 1012 1 × 109 3 × 1013 5 × 1011

Ei [kJ·mol−1] 133.6 104.2 144.2 127.5
ni 1.0 0.8 1.3 1.3
ci0 0.18 0.17 0.24 0.26

2

Tmax 338 327 343 322
ki0 [s−1] 4 × 108 7 × 104 7 × 107 1 × 1010

Ei [kJ·mol−1] 108.9 75.1 110.0 130.3
ni 4.3 4.6 2.9 3.0
ci0 0.28 0.48 0.49 0.53

3

Tmax 375 369 468 432
ki0 [s−1] 5 × 107 4 × 109 2 × 1013 5 × 109

Ei [kJ·mol−1] 120.2 141.7 210.5 156.6
ni 3.0 2.6 1.2 0.9
ci0 0.36 0.18 0.21 0.13

Cinert0 0.18 0.18 0.07 0.07

VC 3.4% 1.1% 2.7% 1.3%

In the absence of catalyst, ci0 calculated values for decomposition of Component1 (Table 3) are
similar because dehydration and volatile released products at lower temperatures are the same for both
atmospheres [44]; as it was analized in previous Sections (2.3 and 2.4). On the contrary, calculated ci0

values for Components 2 and 3 vary considerably between pyrolysis and combustion. For Component2,
pyrolysis conversion (0.28) is lower than in combustion (0.49) due to the oxidation reactions that are
taking place during combustion, obtainig the greatest intensities of CO and CO2 ions in the TG-MS
results, compared with pyrolysis (Section 2.4). Furthermore, during decomposition of Component3,
the degradation of heavier compounds occurs for pyrolysis [61], while in combustion such degradation
happened in earlier stages due to the presence of oxygen. Therefore, ci0 values of pyrolysis (0.36) for
Component3 are higher than the one obtained for combustion (0.21).

In the presence of Rh-Pt/CeO2-SiO2 catalyst, ci0 values for pyrolysis and combustion increase in
Component2 compared to non-catalytic conditions. For pyrolysis, contribution of this Component2

increases due to the degradation of heavier compounds (C2+ and C3+) through refomirng reactions [59],
which are favored by the catalyst, resulting in the release of H2. In the case of combustion, the catalyst
favors the oxidation reactions and the released C2+ and C3+ are oxidazed to CO and CO2 in the second
stage of degradation. Since the major conversion of the C2+ and C3+ at catalytic conditions occurs at
lower temperatures, the ci0 values of the Component3 were lower for both atmospheres (pyrolysis and
combustion) compared with the non-catalytic process.

Figure 2 shows the fitting data for DTG curves. Both pyrolysis and combustion present a good
agreement between experimental and calculated curves, showing a good fit using the proposed
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and optimized model. The variation coefficient for the data obtained to both atmospheres under
catalytic and non-catalytic conditions were <5%. The lower Ei values observed, compared with
non-catalytic processes, reveal the effect of the Rh-Pt/CeO2-SiO2 catalyst on the thermal degradation of
biomass. Besides, the lower activation energies obtained in comparison with other biomass makes
Rh-Pt/CeO2-SiO2 catalyst promising for its use in pyrolysis to syngas production. Full activity and
stability tests and catalyst characterization during the catalytic pyrolysis of sugarcane residual biomass
over Rh-Pt/CeO2-SiO2 is currently ongoing in our laboratory.

3. Materials and Methods

3.1. Biomass Recolection, Pretreatment and Characerization

The liquid sugarcane press-mud residue was collected from Tolima, Colombia. Initially,
the press-mud residue was hydrolyzed at 130 ◦C for 1 h in an autoclave (TOMY Digital Biology,
Tokyo, Japan) for subsequent fermentation. Then, the sugarcane press-mud was filtered using a sieve
(70-mesh, 212µm) to remove the solid phase. Afterwards, the solid residue containing the lignocellulosic
material was dried at 60 ◦C for 72 h, grounded and sieved in a AS200 sieve (Retsch, Haan, Germany).
Finally, the dry solid fraction (sugarcane residual biomass) with particle sizes <212 µm was the biomass
used in this study.

Samples were characterized by elemental analysis using a CHNS analyzer FlashEA 1112 Series
(Thermo Fisher Scientific, Waltham, MA, USA). Oxygen content was determined by difference on a dry
ash basis. The proximate analysis was performed by thermogravimetry in a TGA/DSC1 (Mettler Toledo,
Columbus, OH, USA), following the method described by García et al. [65] The enthalpy of combustion
was measured in a calorimetric pump AC-350 (LECO, St. Joseph, MI, USA); this was used to determine
the lower and higher heating value on dry basis (LHVdb and HHVdb), according to Equations (9)
and (10).

LHVdb

(

cal g−1
)

= ∆Hcombustion

(

cal g−1
)

− 10.56 (%N)

−22.01 (%S) − 52.56 (%H)
(9)

HHVdb

(

cal g−1
)

= LHVdb

(

cal g−1
)

+ 52.56 (%H) (10)

where % N, S and H are the weight percentages from elemental analysis of the sample, ∆Hcombustion

is the enthalpy of combustion of the biomass, and the numbers represent the different formation
enthalpies in cal g−1.

Moreover, the quantitative analysis of the composition of the ashes was carried out by inductive
coupling plasma mass spectrometry (ICP-MS 7700x) (Algilent Technologies, Santa Clara, CA, USA).
Samples were prepared following the EPA 3051A method (acid digestion with microwaves for
sediments, sludges, soils and solids). For this, the digestion of 0.1 g of biomass was performed using
4 mL of HNO3 and 1 mL of H2O2, then the digestion was completed by microwave with a maximum
power of 950 W. Finally, the digested sample was filtered with glass fiber and diluted into water to
a volume of 25 mL and analyzed in the ICP-MS. To obtain information of the functional groups in the
biomass, the sample was characterized by Attenuated Total Reflection Fourier Transform Spectroscopy
(ATR-FTIR, IFS 66S) (Bruker, Billerica, MA, USA). Each IR spectrum was obtained in a scanning range
of 4000 and 600 cm−1 with 4 cm−1 of resolution.

3.2. Catalyst Synthesis

The Rh-Pt/CeO2-SiO2 catalyst was prepared following the methodology proposed by
Cifuentes et al. [38] For this, the mixed support was obtained by dissolving the Ce(NO3)3·6H2O
(99.9%, Merck, Darmstadt, Germany), as CeO2 precursor, in distilled water and added slowly to the
SiO2 (Merck, Darmstadt, Germany). Subsequently, the support was dried for 24 h in an oven at 80 ◦C and
calcined at 500 ◦C for 4 h. Rhodium (III) chloride hydrate (RhCl3·H2O) (Merck, Darmstadt, Germany)
and hexachloroplatinic acid hexahydrate (H2PtCl6·6H2O) (Merck, Darmstadt, Germany) were used as
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precursor salts of the metals and were added by the incipient wet impregnation method [39] up to
a total load of 0.4 wt% of each metal. These loads of rhodium (Rh) and platinum (Pt) were selected
considering their reported activity in reforming reactions [39]. The final solid was dried at 80 ◦C
for 24 h, then calcined at 700 ◦C for 2 h and reduced with 8% H2/He at a flowrate of 200 mL min−1.
Finally, to ensure a particle size <177 µm, the final solid obtained was sieved on an 80-mesh sieve.
The effect of the Rh-Pt/CeO2-SiO2 catalyst was evaluated using a 1:1 biomass/catalyst ratio. This ratio
was selected based on the results reported by [6,22,59]. A complete characterization of the catalyst has
been previously reported [38], with a surface area of 104 m2 gcat

−1.

3.3. TG Analysis

Thermal degradation of biomass was evaluated at three different heating rates (5, 10 and
20 ◦C min−1) up to 900 ◦C in two reaction atmospheres, pyrolysis (N2) and combustion (synthetic air).
These conditions were applied to the sugarcane residual biomass samples with and without catalyst,
for a total of 12 experiments. The analysis was carried out in a thermobalance model STA6000
(Perkin Elmer, Waltham, MA, USA). For all the experiments, 2–5 mg of dried samples was used,
with a total flow rate of 100 mL min−1. To ensure the reproducibility of the experiments, duplicates of
experiments were carried out randomly, ensuring a difference <5%. Weight loss was defined as the
ratio between the mass of the solid at any time (m) and the initial mass of the solid (m0). Moreover,
the DTG curves represent the weight change with time.

3.4. TG-FTIR Analysis

Volatile compounds obtained during the thermal degradation were analyzed by TG-FTIR analysis,
using a TGA/DSC1 (Mettler Toledo, Columbus, OH, USA), coupled to a Nicolet 6700 FT-IR spectrometer
(Thermo Scientific, Waltham, MA, USA). The experiments were carried out in the two reaction
atmospheres, pyrolysis and combustion, with a flow rate of 100 mL min−1, heating up to 900 ◦C at
10 ◦C min−1 with approximately 5 mg of the samples. The absorbance was measured with a resolution
of 4 cm−1 in a range of 3600–600 cm−1.

3.5. TG-MS Analysis

To identify diatomic molecules such as H2, which cannot be identified by TG-FTIR, and to associate
the identified functional groups with specific compounds, TGA-MS analysis was performed. Tests were
carried out in a thermobalance TGA/SDTA851e/LF/1600 model (Mettler Toledo, Columbus, OH, USA),
coupled to a mass spectrometer Thermostar GSD301T model (Pfeiffer vacuum, Asslar, Germany),
which works on Square-Input Response (SIR) mode with ionization of 70 eV. In these experiments,
the gases used were He (pyrolysis) and He:O2 = 4:1 (combustion), both with a flow rate of 100 mL min−1

and approximately 5 mg of sample, heating up to 900 ◦C at 30 ◦C min−1. To track a broad spectrum
of compounds, two different runs were performed. In the first, the mass/charge ratios (m/z) were
followed in the range of 2–46 and the next, in the range of 50–106. The response of the different ions
was divided by the He response (m/z = 4). Finally, to obtain the proportions of the species, the areas of
the followed ions were calculated integrating the TG-MS results.

3.6. Kinetic Model

A model fitting method was used for the kinetic modeling. For that purpose, a model
explaining thermal decomposition in both atmospheres (pyrolysis and combustion) was proposed.
This methodology has been used in kinetic models for biomass [44] and other types of materials [41].
The kinetic model proposed for the pyrolysis of biomasses could be interpreted considering the
materials formed by three different fractions, as shown in Equation (1). Note that, at first, none of
the components is related to a particular chemical structure; i.e., Componenti do not correspond to
celullose, hemicellulose or lignin fractions [64].
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All raw and processed Excel data from TG, TG-FTIR, TG-MS analysis and the fitting method of
the estimated kinetic parameters can be downloaded from [dataset] [66].

4. Conclusions

Catalytic and non-catalytic thermal degradation of sugarcane residual biomass under
non-isothermal conditions was studied for pyrolysis and combustion. Under the oxidizing atmosphere
of combustion H2O, CO2 and CO are mainly produced. Contrarily, H2O, C+2, C+3, CO and H2 are
the main products during pyrolysis. Catalytic pyrolysis over the Rh-Pt/CeO2-SiO2 catalyst increases
the production of H2 at 300 and 550 ◦C. Moreover, a decrease in H2O, C+2 and C+3 products indicates
that the catalyst accelerates the formation of light hydrocarbons, favored by cracking and reforming
reactions of the heavier compounds.

Product distributions obtained from TG-FTIR and TG-MS analysis were used to propose two kinetic
models for the thermal degradation of sugarcane residual biomass. The proposed models presented
a good fit (VC <5%) with the experimental data based on the parallel decomposition of three
different components. The evolution of volatiles takes place in three different stages: dehydration
(stage I), degradation of hemicellulose and cellulose (stage II) and degradation of cellulose and lignin
(stage III). The presence of catalyst shows a positive effect on the kinetic parameter reducing the
activation energies for both pyrolysis and combustion. In the case of catalytic pyrolysis, the overall
activation energies decrease by about 20%–30%, compared with the non-catalytic pyrolysis. In this way,
the Rh-Pt/CeO2-SiO2 catalyst improves the performance of the sugarcane residual biomass pyrolysis
and is presented as a suitable catalyst for obtaining H2-rich syngas. Furthermore, the kinetic parameters
obtained can be used in thermochemical unit design for catalytic pyrolysis.
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Abstract: Hydrogen production derived from thermochemical processing of biomass is becoming
an interesting alternative to conventional routes using fossil fuels. In this sense, steam reforming
of the aqueous fraction of microalgae hydrothermal liquefaction (HTL) is a promising option for
renewable hydrogen production. Since the HTL aqueous fraction is a complex mixture, acetic acid
has been chosen as model compound. This work studies the modification of Co/SBA-15 catalyst
incorporating a second metal leading to Co-M/SBA-15 (M: Cu, Ag, Ce and Cr). All catalysts were
characterized by N2 physisorption, ICP-AES, XRD, TEM, H2-TPR, H2-TPD and Raman spectroscopy.
The characterization results evidenced that Cu and Ag incorporation decreased the cobalt oxides
reduction temperatures, while Cr addition led to smaller Co0 crystallites better dispersed on the
support. Catalytic tests done at 600 ◦C, showed that Co-Cr/SBA-15 sample gave hydrogen selectivity
values above 70 mol % with a significant reduction in coke deposition.

Keywords: microalgae; acetic acid; steam reforming; hydrogen; cobalt; mesostructured materials

1. Introduction

An increase in global pollution has resulted in a search for alternative energy resources that can
be substituted in place of widely used fossil fuels [1]. It is known that energy provided from hydrogen
does not result in pollutant emissions when it is used in fuel cell applications [2–4]. In addition,
hydrogen is extensively used in chemical and petroleum industries [5,6]. Nowadays, a hydrogen-based
energy system must use renewable energy sources to be sustainable. In this sense, hydrogen production
processes such as biomass gasification, and steam reforming (SR) of pyrolysis bio-oil have been widely
described in the literature [7–10]. However, the use of microalgae hydrothermal liquefaction integrated
with the steam reforming of the aqueous fraction is less known. Microalgae HTL requires temperatures
between 250–350 ◦C and high pressures that can maintain the water coming from the microalgae
crops in liquid state (40–250 bar). This process provides a great advantage when compared to the
traditional biomass pyrolysis process, as it does not require a previous stage for biomass drying
associated with high energy consumption [11–13]. Microalgae HTL products are a complex mixture of
different compounds where carboxylic acids, ketones, phenols, aldehydes, fatty acids and nitrogen
compounds [14] can be easily found along with a high water content. For this reason, they are not
suitable for use as a fuel. However, this worthless aqueous fraction can be revalorized by hydrogen
production through catalytic steam reforming [15,16] but the complex composition mentioned above
usually forces the use of model compounds [17–20]. Among them, acetic acid is a major component,
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which can account even for the 56% of the water-soluble products [17]. The overall equation of the
acetic acid steam reforming is:

C2H4O2+2 H2O → 2 CO2+4 H2 (1)

Nowadays, SR catalysts are a critical point of study where activity, hydrogen selectivity and
deactivation are the main concerns of the scientific community. Many papers can be found using
different active phases such as Ni, Co, Pt or Ru, with Ni being the most studied [21]. Hu et al. [22]
studied the performance of different transition metals supported over Al2O3 in acetic acid steam
reforming. Their study led to the conclusion that Ni and Co were more active than the other metals
tested (Fe and Cu). They attributed this behavior to the ability for cracking not only C-C bonds, but also
C-H bonds. However, Co-based catalysts have been less reported despite the fact that they also provide
high activity at moderate temperatures and also increases hydrogen yield [23,24].

Catalysts support selection is also an important point. For example, when Co was supported on
Al2O3 or TiO2 high metal dispersion was reported but cobalt aluminates or titanates were formed
avoiding the reduction of some Co species [25]. On the other hand, the interaction of Co with silica has
been studied leading to the conclusion that this support does not affect to its reducibility but instead
promote the sintering of cobalt particles in the calcination and reduction steps [26,27]. Apart from
that, there are other advanced supports such as SBA-15, which is a mesostructured material with
high surface area that may allow higher metal dispersion when compared with the amorphous silica.
Furthermore, SBA-15 presents an uniform distribution of mesopores that hinders the formation of Co
agglomerates preventing also catalysts deactivation due to metal sintering [28].

Co-based catalysts have shown deactivation through sintering and surface cobalt oxidation [21].
Pereira et al. [29] proposed the preparation of bimetallic catalysts to stabilize Co/SiO2 catalyst to
safeguard the Co particles in a reduced state during the reforming. Combining diverse metals in the
same carrier has been reported as an effective way to improve the catalyst performance by facilitating
the metal reducibility [30]. As reducibility promoters noble metals, transition metals or CeO2 among
others can be used. Wang et al. [31] reported that Cu addition to Ni/attapulgite catalyst decreased
the temperature for the reduction of nickel species. In line with this, Eschemann et al. [32] proved
the efficiency of silver as a reduction promoter in Co/TiO2 catalyst since Co-Ag bonds improve the
reducibility of cobalt oxides [32,33]. Besides, Harun et al. [34] achieved better Ni0 dispersion over
Al2O3 surface when Ag was included in the catalyst formulation. Similarly, it was described that CeO2,
presents a synergistic effect with cobalt oxides since more oxygen vacancies are formed leading to
higher reducibility [35]. In addition to promoting the cobalt reducibility to avoid possible crystallites
oxidation, it is necessary to obtain a small crystallite size in order to increase activity and reduce
the coke formation according to its growth mechanism [36]. Accordingly, Cerdá-Moreno et al. [37]
found that lower Co particle size for ethanol steam reforming led to better catalytic activity. Recently,
we have found that Ni-Cr/SBA-15 showed better catalytic behavior than Ni/SBA-15 in the steam
reforming of pyrolysis bio-oil aqueous fraction by decreasing Ni0 particles size [38]. Furthermore,
Casanovas et al. [39,40] reported that the incorporation of Cr to Co/ZnO samples results in better
catalytic performance when these catalysts were tested in ethanol steam reforming.

So far, we have not been able to find any references using the promoters described above in
Co/SBA-15 catalysts to be tested in acetic acid steam reforming. Therefore, the main goal of this study
is the preparation of novel cobalt catalysts incorporating a second metal leading to Co-M/SBA-15
(M: Cu, Ag, Ce and Cr) to achieve high hydrogen production rate through acetic acid steam reforming
as model compound of microalgae HTL aqueous fraction.
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2. Results and Discussion

2.1. Catalysts Characterization

Nitrogen physisorption profiles displayed in Figure 1 show type IV isotherms with a H1-type
hysteresis loop according to the IUPAC classification, indicating the preservation of the initial
mesoestructure of SBA-15 used as the support of these samples. Textural properties calculated from
these analyses are summarized in Table 1 along with other physicochemical properties.
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Figure 1. N2 physisorption isotherms of calcined (a) Co/SBA-15; (b) Co-Cu/SBA-15; (c) Co-Ag/SBA-15;
(d) Co-Ce/SBA-15; (e) Co-Cr/SBA-15 catalysts at 77K.

Table 1. Physicochemical properties of Co-M/SBA-15 (M: Cu, Ag, Ce, Cr) catalysts.

Catalyst
Coa

(wt.%)
Ma

(wt.%)
SBET

(m2·g−1)
Dpore

b

(nm)

Vpore
c

(cm3·g−1)

DCo0
d

(nm)

Dispersion
(%) e

SBA-15 - - 550 ± 3 7.5 ± 0.1 0.97 ± 0.02 - -
Co/SBA-15 6.4 ± 0.1 - 503 ± 4 7.2 ± 0.1 0.83 ± 0.01 9.5 ± 0.5 7.5 ± 0.2

Co-Cu/SBA-15 6.5 ± 0.1 2.0 ± 0.1 476 ± 4 7.2 ± 0.1 0.79 ± 0.03 9.7 ± 0.3 6.3 ± 0.1
Co-Ag/SBA-15 6.4 ± 0.1 1.6 ± 0.1 419 ± 4 6.9 ± 0.1 0.71 ± 0.01 12.3 ± 0.4 3.9 ± 0.6
Co-Ce/SBA-15 6.6 ± 0.1 1.7 ± 0.1 494 ± 1 7.4 ± 0.1 0.84 ± 0.01 9.6 ± 0.2 6.5 ± 0.1
Co-Cr/SBA-15 6.8 ± 0.1 1.8 ± 0.1 469 ± 1 7.1 ± 0.1 0.81 ± 0.02 7.2 ± 0.1 9.9 ± 0.3

a Determined by ICP-AES (M: Cu, Ag, Ce or Cr) in reduced samples, b BJH desorption average pore diameter,
c Measured at P/P0 = 0.97, d Determined from XRD of reduced catalysts by Scherrer equation from the (111)
diffraction plane of Co0,e Determined from H2-TPD results using formula from Li et al. [41] assuming H/Co = 1.

The metals loading is close to the nominal value used during the catalysts preparation. Metal
addition to bare SBA-15 leads to a decrease in BET surface area with Co-Ag/SBA-15 being the sample
with the smallest pore size, pore volume and surface area. This phenomena has been described
previously [42] and was ascribed to Ag structures growing in the mesopores of SBA-15. Similar textural
properties were found in Co-(Cu, Ce or Cr)/SBA-15 samples.

Figure 2 shows the XRD patterns of the calcined samples. Peaks corresponding to cubic Co3O4

appear in all samples (JCDPS 01-071-4921). Attending to Co-Cu/SBA-15 sample, a small peak at
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38.3◦ can be observed due to the formation of monoclinic CuO (JCDPS 01-089-2531). In case of
Co-Ce/SBA-15, two small peaks over 28.5◦ and 47.5◦ can be seen due to the presence of cubic CeO2

(JCDPS 01-089-8436). Ag and Cr oxides were not detected by XRD due to the overlap of the main
diffraction peaks of cubic Ag2O (JCPDS 00-012-0793), rhombohedral Cr2O3 (JCPDS 00-002-1362) and
cubic CoCr2O4 spinel (JCPDS 00-022-1084), with the Co3O4 pattern. The higher Co content compared
to Ag and Cr also contributes to the non-detection of Ag and Cr oxides by XRD as were observed in
previous works [43,44]. XRD patterns corresponding to Co-(Cu, Ag or Ce)/SBA-15 present narrower
Co3O4 peaks and slightly larger Co3O4 crystallites were obtained comparing when compared to
Co/SBA-15 sample.
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Figure 2. XRD of calcined (a) Co/SBA-15; (b) Co-Cu/SBA-15; (c) Co-Ag/SBA-15; (d) Co-Ce/SBA-15;
(e) Co-Cr/SBA-15 catalysts. Co3O4 crystallites sizes calculated from the (311) diffraction plane using
Scherrer equation are displayed on the right.

Figure 3 shows the TEM micrographs of calcined samples. Irregular metal oxides particles can be
observed, some of them formed in the channels of SBA-15, while other particles were formed over
the external surface as previously reported [43]. The presence of Co and promoters (Cu, Ag, Ce or
Cr) were evaluated in the corresponding sample by EDX indicating an intimate contact between Co
oxide and promoters. Co-Ag/SBA-15 catalyst has large metallic nanostructures through the SBA-15
channels and Ag2O particles can be also observed over the support [45]. The incorporation of high
Ag loadings (> 1wt. %) affects support structure and distribution of Ag2O particles over the catalyst
because the probability of Ag-Ag bond formation increases [32,33]. On the other side, it is noticeable
how Co-Cr/SBA-15 sample clearly shows the highest dispersion over the support with very small metal
oxide particles, which is in agreement with the lower metal diameter calculated from XRD (Table 1).

Figure 4 displays the H2-TPR profiles of the calcined catalysts. In the case of Co/SBA-15 sample,
the reduction profile shows two main reduction stages. The first one with maxima found at 248–267 ◦C
and a shoulder around 332 ◦C. These peaks are attributed to the reduction of Co3O4 to CoO and
subsequently to Co0. The reduction stage at high temperature, with a maximum placed at 494 ◦C,
can be attributed to the presence of Co-oxide species with stronger interaction with the support [46].
Cu addition led to a clear decrease of the reduction temperature as observed in Co-Cu/SBA-15 profile.
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Figure 3. TEM micrographs of calcined samples (a): Co/SBA-15; (b): Co-Cu/SBA-15; (c): Co-Ag/SBA-15;
(d): Co-Ce/SBA-15; (e): Co-Cr/SBA-15.
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The reduction zone is located at temperatures between 140-260 ◦C with two maxima at 150 and
194 ◦C. Whereas the lower temperature peak is ascribed to the simultaneous reduction of CuO and
Co3O4 to Cu0 and CoO respectively, the other one is related to the reduction of CoO to Co0 [47]. This
effect of Cu in lowering reduction temperature of metal oxides was observed in previous works for
Ni-based catalysts [43]. Co-Ag/SBA-15 catalyst showed two clearly different reduction areas, also
at low temperature. While the zone over 267 ◦C is related to the Co oxides next to Ag, the other
one around 166 ◦C is attributed to the reduction of segregated Ag2O particles to Ag0 [48]. On the
other hand, Co-Ce/SBA-15 sample showed a reduction profile similar to Co/SBA-15 with the peak at
494 ◦C shifted to higher reduction temperature due to an emerging peak assigned to superficial cerium
oxide [49]. Finally, in the reduction profile of Co-Cr/SBA-15 had a new peak around 182 ◦C, probably
due to the reduction of Cr-oxides to Cr3+ which can be affected by the presence of Co3O4 [50] although
it could not be detected by XRD. The peak attributed to Co3O4 reduction at 271 ◦C remained unaltered
whereas the peak of CoO reduction shifts to higher temperatures due to the presence of Cr species [51]
or to the confinement of Co oxides into SBA-15 channels because of their smaller size. Based on the
literature, the most likely option is the formation of a cobalt chromate mixed oxide [52], although none
could be detected by XRD due to the overlap of the main diffraction lines of CoCr2O4 with those of
Co3O4. The XRD patterns of the samples after reduction at 700 ◦C under pure H2 flow are displayed in
Figure 5. No peaks ascribed to Co3O4 pattern can be detected whereas cubic Co0 (JCDPS 00-001-1259)
peaks corresponding to (111), (200) and (220) planes showing the reflection at 2θ = 44.4◦, 51.3◦ and
75.4◦ can be observed in all samples after the reduction process.
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Figure 5. XRD of reduced (a) Co/SBA-15; (b) Co-Cu/SBA-15; (c) Co-Ag/SBA-15; (d) Co-Ce/SBA-15;
(e) Co-Cr/SBA-15 catalysts at 700 ◦C.

Cubic Ag0 (JCDPS 00-043-1038) diffraction peaks arose in the Co-Ag/SBA-15 sample at 2θ = 38.1◦,
64.5◦ and 77◦, ascribed to (111), (200) and (220) reflection planes, respectively. In this case, some
Co-oxides could remain in this sample explaining its low reducibility (see Figure 4) but they were
not detected because there is an overlapping between Ag0 and Co3O4 patterns at 38.1◦ and 64.5◦.
In Co-Cr/SBA-15 catalyst a peak placed at 2θ = 63.7◦ was assigned to rhombohedral Cr2O3 (JCDPS
00-002-1362) probably coming from the release of CoO from the spinel CoCr2O4. No diffraction peaks
of cubic Cu0 (JCPDS 00-001-1241) were distinguished in Co-Cu/SBA-15 sample due to the overlapping
between Cu0 and Co0 diffraction peaks. Co-Ce/SBA-15 reduced sample showed only the diffraction
peak of metallic Co. The absence of CeO2 diffraction peaks prompted us to think about the formation
of a non-stoichiometric CeO2−σ that cannot be detected by XRD [53].
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Co0 crystallite sizes were calculated by the Scherrer equation from the diffraction plane (111).
In general, whereas Co-Cu/SBA-15 and Co-Ce/SBA-15 samples present a crystallite size similar to
Co/SBA-15, Co-Ag/SBA-15 had the largest crystallites (see Table 1) which differs from the literature
as silver loading in Co-Ag/SBA-15 is higher than in references [31,32]. In contrast, Co-Cr/SBA-15
presented the lowest Co crystallite size because making a parallelism with the paper of Amin et al. [54]
Cr-oxides can suppress the extension growth of Cu-oxides in that case, Co-oxides in our case.

H2-TPD analysis was carried out in order to measure the dispersion of the metallic phase over the
support. The results, summarized in Table 1, follow the opposite trend as Co0 crystallite sizes calculated
from the Scherrer equation. Co-Cr/SBA-15 sample reached the highest active phase dispersion over
the support. This effect can be clearly observed in Figure 6, where Co0 crystallite sizes are displayed
against dispersion and it is clear that the only promoter that improves the base Co/SBA-15 catalyst is
Cr. In addition, other authors have reported smaller crystallite size when Cr was incorporated to the
catalyst formulation suggesting the capacity of Cr2O3 to act as a textural promoter preventing metallic
sintering [55–57]. It should be noted that in a previous work we reported the same behavior with
Ni-Cr/SBA-15 sample [38,43], in line with the results obtained by Xu et al. during the co-impregnation
of Cr and Ni over char as support [58].
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Figure 6. Comparison between Co0 crystallites size and Dispersion over the SBA-15 material used as
support for (a) Co/SBA-15; (b) Co-Cu/SBA-15; (c) Co-Ag/SBA-15; (d) Co-Ce/SBA-15; (e) Co-Cr/SBA-15.

2.2. Catalytic Tests

AASR (acetic acid steam reforming) reactions were carried out after the reduction of the catalysts.
All experiments were performed using an aqueous solution of acetic acid with a S/C molar ratio = 2
and a WHSV = 30.1 h−1 at atmospheric pressure and 600 ◦C using N2 as carrier gas. Conversion
data are not shown because all catalysts reached complete conversion along 5 h of time-on-stream,
which implies high activity for all the samples in acetic acid conversion at these reaction conditions.
However, different product distributions were achieved indicating different activities in acetic acid
steam reforming reaction, ascribed to the role of a second metal in secondary reactions. In this sense,
hydrogen and carbon co-products distribution (dry basis) are displayed in Figure 7.

The H2 content expected at equilibrium at the experimental conditions, predicted by means of the
software GasEQ, based on the method of free Gibbs energy minimization, is also shown. Regarding
products distribution, all catalysts reached high hydrogen concentration, above 53%. As known,
Co-based catalysts allow the breaking of C-C bonds (only methane is produced as hydrogen-containing
product) but also of C-H bonds [22]. Moreover, an effective catalyst must also be active in WGS
reaction in order to eliminate CO from the metal surface during steam reforming. Over Co, methane
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reforming and WGS activity was presented and this clearly shown by products formation. Among
them, CO2 formation is highest and followed by CO, CH4, thus WGS is more pronounced compared
to other disproportionation and decomposition reactions. Cu, Ag and Ce addition to Co/SBA-15
decreases the hydrogen content in the gas outlet stream in line with higher co-carbon products
percentages. In contrast, Co-Cr/SBA-15 reached the highest hydrogen concentration in the product
stream. This behavior is related to the small Co crystallite size (see Table 1) leading to higher active
sites surface area [59,60]. Therefore, Cr addition improved the catalytic performance by preventing Co
agglomeration. In fact, Casanovas et al. [40] have published similar behavior adding Cr to Co/ZnO
being more active and selective for ethanol steam reforming. On the other side, Co-Ag/SBA-15
achieved the lowest hydrogen concentration and therefore carbon containing products composition
was higher, probably due to the pore blocking effect and the highest Co crystallite size. Co-Cu/SBA-15
and Co-Ce/SBA-15 showed higher CO2/CO molar ratio compared to the other samples (3/2) suggesting
that the activity for WGS reaction was increased [60]. If WGS reaction is favored, an increase in the
hydrogen production is expected but the hydrogen content reached with these two catalysts was lower
than with Co/SBA-15 (CO2/CO ratio = 1.7) thus, it is possible to assume that the presence of a second
metal hinders reactants access to Co active centers, thereby avoiding their catalytic role breaking C-H
bonds. Finally, Co-Cu/SBA-15, Co-Ag/SBA-15 and Co-Ce/SBA-15 showed an increase of CH4 from 2%
to almost 5% in comparison to the Co/SBA-15 sample. CH4 formation can be due to the decomposition
of acetic acid or methanation [61]. Particularly, Co-Cu/SBA-15 and Co-Ce/SBA-15 produce more CH4 in
line with the reduction of H2 and CO content which indicates that Cu and Ce promote the methanation
reaction (3H2 +CO→CH4 +H2O) [62]. Instead, the increase of produced methane with Co-Ag/SBA-15
could be due to the decomposition of acetic acid since the CO content was kept constant while both
CO2 and CH4 concentrations increase, which would be in accordance with the stoichiometry of the
reaction CH3COOH→ CH4 + CO2. However, other parallel and consecutive reactions varying the CO,
CO2 and CH4 content can be taking place.
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Figure 7. Products distribution in outlet gas stream produced in the acetic acid steam reforming over
Co-M/SBA-15 (M: Cu, Ag, Ce, Cr) catalysts at T = 600 ◦C, P = 1 atm, time-on-stream = 5 h.

Regarding the evolution of H2 selectivity, calculated as the ratio between hydrogen produced and
4 times the reacted acetic acid (stoichiometry), with reaction time showed in Figure 8 Co-Cu/SBA-15
and Co-Ag/SBA-15 samples exhibited a decrease at 2 h but after that, it remains almost constant.
Regardless, the H2 selectivity of the rest of catalysts remains almost unaltered with time-on-stream.
Therefore, no deactivation was detected for Co/SBA-15, Co-Ce/SBA-15 and Co-Cr/SBA-15 samples.
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In addition, it can be assessed that Co-Cr/SBA-15 sample also achieved the highest H2 selectivity close
to the thermodynamic value at the present reaction conditions. This result is promising compared to
those obtained by Ni-based catalysts widely referenced in literature for acetic acid steam reforming
reactions. In this sense, Thaicharoensutcharittham et al. [63] reported that Ni/Ce0.75Zr0.25O2 catalyst
with a Ni loading of 5 wt.% reached hydrogen selectivity of 33.54 mol % with a S/C = 1,n using a S/C
= 3. On the other hand, Wang et al. [64] achieved hydrogen selectivity between 54.5 and 70.9 mol
% for reaction tests carried out at 550 ◦C and 650 ◦C respectively, with S/C = 3 using Ni/Attapulgite
catalysts. In another work, Nogueira et al. [65] published the catalytic performance of Ni catalysts
supported on (MgO)-modified γ-Al2O3 reaching, a H2 selectivity of 67.5 mol % at higher S/C ratio
(S/C = 4). Additionally, our group tested at similar operation conditions (600 ◦C, GHSV: 11000 h−1)
Ni-based catalysts in AASR with a S/C = 4 [38]. In that work, we achieved up to 60 mol % of hydrogen
content for both Ni/SBA-15 and Ni-Cr/SBA-15, which implied H2 selectivities between 56.6–59.9 mol %.
These values are lower than those achieved with Co-M/SBA-15 catalysts in the present work, even
though lower S/C ratio has been used that should lead to worse catalytic results. Despite differences in
reaction conditions, mainly S/C molar ratio, these H2 selectivity values are lower than that achieved by
Co-Cr/SBA-15 sample. Furthermore, we also observed the beneficial effect of adding Cr to catalysts in
our recently published works [38,43], where we reached using Cr as promoter added to Ni/SBA-15
catalysts, better catalytic performance using different feedstock in steam reforming reaction.
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Figure 8. Hydrogen selectivity of gas stream produced in the acetic acid steam reforming over
(a) Co-Cr/SBA-15; (b) Co/SBA-15; (c) Co-Ce/SBA-15; (d) Co-Ag/SBA-15; (e) Co-Cu/SBA-15 catalysts at
T = 600 ◦C, P = 1 atm.

Coke formation during steam reforming has been reported as the main cause of SR catalyst
deactivation [36]. It must be emphasized that catalyst deactivation is not only related to the amount
of coke, but also to the nature of the coke formed, the morphology and the location over the catalyst
structure [66]. In this sense, XRD patterns of used catalysts after 5 h (TOS) are shown in Figure 9.
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Figure 9. XRD patterns of used (a) Co/SBA-15; (b) Co-Cu/SBA-15; (c) Co-Ag/SBA-15; (d) Co-Ce/SBA-15;
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Scherrer equation are displayed on the right.

Peaks corresponding to cubic Co0 (JCDPS 00 001 1259) at 2θ = 44.4◦, 51.3◦ and 75.4◦ can be still
distinguished. In contrast to reduced samples (Figure 5), reflection peaks corresponding to graphitic
carbon (JCDPS 00-041-1487) at 2θ = 26.5◦, 42.6◦, 53.9◦ and 78.8◦ ascribed to (002), (100), (004) and (006)
reflection planes, respectively, appear as a consequence of the coke deposition along the acetic acid
steam reforming being more pronounced in Co-Ag/SBA-15 sample. Cobalt crystallites sizes of used
catalysts (calculated from Scherrer equation) are shown on the right side of Figure 9. Comparing these
results with those found in reduced samples (Table 1), it can be concluded that cobalt crystallites sizes
were very similar, which indicates no significant sintering throughout the reforming reaction.

TGA can be used for the identification of the type of coke formed during the reaction since more
ordered coke will need higher temperature to be oxidized [67]. It is normally reported that amorphous
carbon is more reactive than graphitic in reactions with O2 [68] because it oxidizes at low temperatures
whereas filamentous or graphitic carbon does at higher temperatures [69–71]. Figure 10 displays the
derivative thermogravimetric (DTG) curves of the used catalysts along with the amount of coke formed
during the reaction in terms of mgcoke·gcat

−1·h−1.
There are significant differences in the total coke content, in the order Co-Ag/SBA-15 >Co-Ce/SBA-15

> Co-Cu/SBA-15 > Co/SBA-15 > Co-Cr/SBA-15 which follows the reverse order of the hydrogen content in
the outlet stream during AASR (see Figure 6). In general, all DTG profiles show a maximum around 500 ◦C
and a shoulder around 550 ◦C, indicating the formation of some kind of carbon nanofibers with different
ordering degree [69,70]. Co-Ag/SBA-15 showed a maximum around 441 ◦C which can be related to the
formation of some defective carbon deposits. Co-Ag/SBA-15 obtained the worst catalytic results (high
CH4 concentration and the lowest H2 concentration), in line with the highest carbon deposition. Besides,
it is noteworthy that Co-Cr/SBA-15 reduced the coke production two times compared to Co/SBA-15. It
is known that Cr2O3 has been used as an oxide catalyst with outstanding carbon deposition resistance
properties [72,73]. In our case, the reduction in carbon deposition can be also ascribed to the role of
chromium avoiding the formation of large Co crystallites as it could be observed by TEM and measured
by the Scherrer equation, because smaller Co crystallites will prevent the initiation of carbon nucleation
leading to coke formation [74]. On the other hand, Cr2O3 has catalytic activity in the WGS reaction,
lowering the CO concentration into the gas phase surrounding the catalytic bed, thus favoring the
formation of H2 and CO2 [75]. In this sense, the extent Boudouard reaction (2 CO (g)→ CO2 (g) + C (s)),
which is one of the main routes for coking, will be reduced.

Used catalysts were also analyzed by TEM as shown in Figure 11. In all cases, carbon nanofibers
with different ordering degree can be observed. Besides, Co-Ag/SBA-15 micrograph shows some zones
of defective coke deposits, in concordance with DTG results.
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Figure 10. DTG curves of used (a) Co/SBA-15; (b) Co-Cu/SBA-15; (c) Co-Ag/SBA-15; (d) Co-Ce/SBA-15;
(e) Co-Cr/SBA-15 samples after 5 h time-on-stream.
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Figure 11. TEM micrographs of used (a): Co/SBA-15; (b): Co-Cu/SBA-15; (c): Co-Ag/SBA-15; (d): Co
Ce/SBA 15; (e): Co-Cr/SBA-15 (5 h time-on-stream at 600 ◦C).
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Finally, the Raman spectra of used catalysts in the range 1200–1700 cm−1 are presented in Figure 12.
As it can be observed, two main bands appear in all cases, at 1330–1340 (D-band) and 1586–1591 cm−1

(G-band). G-band is ascribed to the stretching mode of carbon sp2 bonds of condensed graphitic
aromatic structures such as graphite layer [76], whereas D-band is related to the carbon atoms vibration
of disordered aromatic structures such as amorphous or defective filamentous carbon [70,77–79]. The
presence of both bands exhibits the heterogeneity of carbon species constituting the coke formed
during the AASR reaction. It has been reported that the intensity of the D band relative to the G
band can be used as a qualitative measure of the formation of different kinds of carbon with different
degree of graphitization or disorder in the carbon structure [78–80]. Smaller ID/IG values indicate
higher crystallinity due to higher contribution of the graphitic carbon structures formed [81,82] but it
also implies more layers constituting the deposited carbon [83]. In these sense, the estimated values
are summarized also in Figure 12. As can be seen, the ID/IG ratio decreases in the following order:
Co-Cr/SBA-15 (ID/IG = 0.80) > Co/SBA-15 (ID/IG = 0.65) > Co-Ce/SBA-15 (ID/IG = 0.61) > Co-Ag/SBA-15
(ID/IG = 0.53) > Co-Cu/SBA-15 (ID/IG = 0.48). These results indicate that carbon deposition over the
Co-Cu/SBA-15 sample occurs in larger extent on the Co surface when compared with the other samples,
leading to the growth of well-ordered carbon, which may be responsible of catalyst deactivation
since it act as a shell covering the active Co sites layer by layer [80]. It must be highlighted that the
H2 selectivity represented in Figure 8, decreases in the same order as ID/IG ratio. Therefore, the H2

selectivity is directly related to the kind of carbon deposited on the catalyst.
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Figure 12. Raman spectra of used (a) Co/SBA-15; (b) Co-Cu/SBA-15; (c) Co-Ag/SBA-15; (d) Co-Ce/SBA-15;
(e) Co-Cr/SBA-15 catalysts.

An AASR test done at long time-on-stream displayed in Figure 13 showed that Co-Cr/SBA-15
achieved good stability after 50 h time-on-stream. Conversion values were near 95% at the end of the
reaction, while almost constant hydrogen selectivity (~72 mol %) was obtained. These results evidence
that Co-Cr/SBA-15 sample is a promising option for acetic acid steam reforming, since hydrogen
selectivity remains close to the equilibrium value for a long period and, in addition, this value is greater
than those obtained with the Ni-based catalysts described in literature.

218



Catalysts 2019, 9, 1013

 

 

■ ●

1300 1400 1500 1600 1700

ID/IG= 0.80

ID/IG= 0.61

ID/IG= 0.53

ID/IG= 0.48

e)

d)

c)

b)

G

In
te

ns
ity

 (a
.u

.)

Raman shift (cm-1)

D

a) ID/IG= 0.65

10 20 30 40 50
0

10

20

30

40

50

60

70

80

90

100

m
ol

 %

time (h)

Figure 13. Acetic acid conversion (�) and hydrogen selectivity (�) during stability test of Co-Cr/SBA-15
catalyst at T = 600 ◦C, P = 1 atm.

3. Experimental Section

3.1. Catalysts Synthesis

Mesostructured SBA-15 material, synthesized using the hydrothermal method described
elsewhere [84], was used as catalysts support. Pluronic 123 and TEOS were used as surfactant
and silica precursor (Aldrich, St. Louis, MO, USA) respectively.

Synthesis of Co-M/SBA-15 (M: Cu, Ag, Ce or Cr) catalysts was accomplished by the incipient
wetness impregnation method described in previous work [85]. Metal loading was selected as 7 wt.%
of Co and 2 wt.% of promoter [86]. In this way, mixed aqueous solutions of the corresponding
nitrates were used for the co-impregnation: Co(NO3)2·6H2O (Acros Organics, Morris Plains, NJ,
USA) and Cu(NO3)2·3H2O, Cr(NO3)3·9H2O, Ce(NO3)3·6H2O, AgNO3 (Aldrich, St. Louis, MO, USA).
Subsequently, the prepared samples were calcined under air at 550 ◦C.

3.2. Catalysts Characterization

N2 adsorption/desorption at 77 K on a TRISTAR 3000 sorptometer (Micromeritics, Norcross,
GA, USA) was used for the measurement of textural properties. Prior to the analysis samples
were outgassed under vacuum at 200 ◦C for 4 h. To determine the chemical composition of the
catalysts, ICP-AES technique was used. The equipment was a VISTA-PRO AX CCD-Simultaneous
ICP-AES spectrophotometer (Varian, Palo Alto, CA, USA). Samples were previously treated by acidic
digestion. XRD measurements were recorded using an X’pert PRO diffractometer (Philips, Eindhoven,
The Netherlands) using Cu Kα radiation. The Scherrer equation was used to estimate the metal
crystallites mean diameter. Reducibility of the samples was studied by TPR analyses. A Micromeritics
(Norcross, GA, USA) AUTOCHEM 2910 system was used. The experiment is carried out flowing
35 N mL/min of gas (10% H2/Ar) through the sample and increasing temperature up to 980 ◦C with
a 5 ◦C/min heating ramp. Samples were previously outgassed under Ar flow at 110 ◦C for 30 min.
Co dispersion of the catalysts was determined by hydrogen TPD in the same apparatus. For that, the
samples were first reduced under 35 N mL/min of gas (10% H2/Ar), then cooled to 50 ◦C, and saturated
with H2. After that, the physically absorbed H2 is removed by flushing Ar and finally heated up to
700 ◦C at 5 ◦C/min in Ar flow (30 N mL/min). TEM micrographs were obtained on a 200 kV JEM 2100
microscope (JEOL, Tokyo, Japan), with a resolution of 0.25 nm at the National Centre for Electron
Microscopy (CNME, Complutense University of Madrid, Madrid, Spain). It also has the possibility to
achieve microanalysis results by energy dispersive X-ray spectroscopy (EDX). Samples preparation
involve their suspension in acetone and subsequently deposition on a carbon-coated copper or nickel
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grid. Carbon deposited during catalytic tests was measured by thermogravimetric analysis (TGA),
TEM and Raman spectroscopy. TGA analysis were performed in airflow with a heating rate of 5 ◦C/min
up to 1000 ◦C on a SDT 2960 thermobalance (TA Instruments, New Castle, DE, USA). Raman spectra
were recorded using a NRS-5000/7000 series Raman spectrometer (JASCO, Tokyo, Japan) at the IMDEA
Energy Institute.

3.3. Catalytic Tests

Acetic acid steam reforming reactions were performed at 600 ◦C on a MICROACTIVITY-PRO
unit (PID Eng. & Tech. S.L., Alcobendas, Madrid, Spain) as described in previous works [7,38,85,87].
The reactor consists in a fixed-bed tubular reactor in stainless steel 316 (i.d. = 9.2 mm, L = 300 mm).
The reactor is located inside an electric oven of low thermal, where temperature in the catalytic bed
was measured by means of a K-thermocouple. All the components inside the hot box were maintained
at 200 ◦C to prevent condensation in the pipes and to preheat the reactants. A schematic diagram is
displayed in Figure 14.

 

  

−

Figure 14. Schematic diagram of the catalytic testing setup [38].

The reactions were carried out isothermally at atmospheric pressure. Before tests, all catalysts were
reduced under pure hydrogen (30 mL/min) up to 700 ◦C with a heating rate of 2 ◦C/min. Temperature
was maintained for 30 min. Reaction feed was a mixture of acetic acid and water using a steam to carbon
molar ratio of 2, using N2 as carrier and internal standard (GHSV = 11,000 h−1). The composition of
the outlet gas was measured online with an 490 Micro-GC (Agilent, Santa Clara, CA, USA) equipped
with a thermal conductivity detector (TCD), a PoraPlot U column (10 m) and a Molecular Sieve 5A
column (20 m) using He and Ar as carrier gas, respectively. Condensable vapors were trapped in the
condenser at 4 ◦C and analyzed in a Varian (Palo Alto, CA, USA) CP-3900 chromatograph equipped
with a CP-WAX 52 CB (30 m × 0.25 mm, DF = 0.25) column and flame ionization detector (FID).
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4. Conclusions

The incorporation of a second metal like Cu, Ag, Ce or Cr into Co/SBA-15 sample catalyst
resulted in bimetallic catalysts with very different properties and catalytic behavior in acetic acid steam
reforming. Co-Ag/SBA-15 presented some pore blockage of the SBA-15 structure due to the presence
of isolated silver oxide particles. Cu and Ag addition to Co/SBA-15 led to a significant decrease in
the reduction temperature, as shown in H2-TPR profiles. Cu addition to Co/SBA-15 favors Co oxide
reducibility, while maintaining almost unaltered Co0 crystallites size. In contrast, Co-Ag/SBA-15
showed also lower reduction temperatures but larger Co0 crystallites than Co/SBA-15. However,
Ce addition does not affect significantly neither reducibility nor Co0 crystallite size. Finally, Cr addition
to Co/SBA-15 strongly decreases Co crystallites size, induced by the presence of chromium oxides,
improving metal dispersion with a slight decrease in the reduction temperature.

Regarding acetic acid steam reforming, Co-Cu/SBA-15 and Co-Ag/SBA-15 gave lower hydrogen
selectivity than unmodified Co/SBA-15 catalyst. However, Cr addition improved the catalytic behavior
reaching the highest hydrogen selectivity next to the thermodynamic equilibrium. After the steam
reforming tests, cobalt crystallites sizes in the used catalysts were very similar to those in fresh samples,
indicating that coke deposition and not sintering is the cause of catalysts deactivation. Besides, the
amount of coke formed on Co-Cr/SBA-15 was much lower than on the rest of the catalysts after 5 h
of time on stream. Another difference resided in the nature of coke deposited because disordered
aromatic structures such as amorphous or defective filamentous carbon were formed in a higher extent
on Co-Cr/SBA-15 (ID/IG = 0.80) while the contribution of condensed graphitic aromatic structures
increased in Co-Cu/SBA-15 (ID/IG = 0.48). Thus, Cr addition to Co/SBA-15 resulted in the best catalytic
performance on acetic acid steam reforming, but Cr toxicity opens the way to the search for other
metals providing similar catalytic properties.

Author Contributions: Conceptualization, A.C. and J.A.C.; methodology, A.J.V.; validation, A.J.V.; formal analysis,
A.C.; investigation, P.J.M.; writing—original draft preparation, P.J.M.; writing—review and editing, A.C., J.A.C.
and A.J.V.; supervision, A.C., J.A.C. and A.J.V.; project administration, A.C. and J.A.C.; funding acquisition, A.C.
and J.A.C.

Funding: This research was funded by the Spanish Ministry of Economy and Competiveness (project ENE2017-83696-R)
and the Regional Government of Madrid (project S2018/EMT-4344).

Acknowledgments: The authors acknowledge the IMDEA Energy Institute and the Complutense University of
Madrid for the Raman and TEM analyses, respectively.

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

References

1. Dobosz, J.; Małecka, M.; Zawadzki, M. Hydrogen generation via ethanol steam reforming over Co/HAp
catalysts. J. Energy Inst. 2018, 91, 411–423. [CrossRef]

2. Vizcaíno, A.J.; Carrero, A.; Calles, J.A. Hydrogen Production from Bioethanol; Nova Science Publishers: New York,
NY, USA, 2012.

3. Agency, I.E. Hydrogen Production and Storage: R&D Priorities and Gaps; IEA Publications: Paris, France, 2006.
4. Ruocco, C.; Palma, V.; Ricca, A. Kinetics of Oxidative Steam Reforming of Ethanol Over Bimetallic Catalysts

Supported on CeO2–SiO2: A Comparative Study. Top. Catal. 2019, 62, 467–478. [CrossRef]
5. He, L.; Parra, J.M.S.; Blekkan, E.A.; Chen, D. Towards efficient hydrogen production from glycerol by sorption

enhanced steam reforming. Energy Environ. Sci. 2010, 3, 1046–1056. [CrossRef]
6. Wang, Y.; Wang, C.; Chen, M.; Tang, Z.; Yang, Z.; Hu, J.; Zhang, H. Hydrogen production from steam

reforming ethanol over Ni/attapulgite catalysts - Part I: Effect of nickel content. Fuel Process. Technol. 2019,
192, 227–238. [CrossRef]

7. Carrero, A.; Vizcaíno, A.J.; Calles, J.A.; García-Moreno, L. Hydrogen production through glycerol steam
reforming using Co catalysts supported on SBA-15 doped with Zr, Ce and La. J. Energy Chem. 2017, 26, 42–48.
[CrossRef]

221



Catalysts 2019, 9, 1013

8. Shayan, E.; Zare, V.; Mirzaee, I. Hydrogen production from biomass gasification; a theoretical comparison of
using different gasification agents. Energy Convers. Manag. 2018, 159, 30–41. [CrossRef]

9. Turner, J.; Sverdrup, G.; Mann, M.K.; Maness, P.C.; Kroposki, B.; Ghirardi, M.; Blake, D. Renewable hydrogen
production. Int. J. Energy Res. 2008, 32, 379–407. [CrossRef]

10. Zheng, J.-L.; Zhu, Y.-H.; Zhu, M.-Q.; Kang, K.; Sun, R.-C. A review of gasification of bio-oil for gas production.
Sustain. Energy Fuels 2019, 3, 1600–1622. [CrossRef]

11. López Barreiro, D.; Prins, W.; Ronsse, F.; Brilman, W. Hydrothermal liquefaction (HTL) of microalgae
for biofuel production: State of the art review and future prospects. Biomass Bioenergy 2013, 53, 113–127.
[CrossRef]

12. Chen, W.-H.; Lin, B.-J.; Huang, M.-Y.; Chang, J.-S. Thermochemical conversion of microalgal biomass into
biofuels: A review. Bioresour. Technol. 2015, 184, 314–327. [CrossRef]

13. Chiaramonti, D.; Prussi, M.; Buffi, M.; Rizzo, A.M.; Pari, L. Review and experimental study on pyrolysis and
hydrothermal liquefaction of microalgae for biofuel production. Appl. Energy 2017, 185, 963–972. [CrossRef]

14. Guo, Y.; Yeh, T.; Song, W.; Xu, D.; Wang, S. A review of bio-oil production from hydrothermal liquefaction of
algae. Renew. Sustain. Energy Rev. 2015, 48, 776–790. [CrossRef]

15. Jacobson, K.; Maheria, K.C.; Kumar Dalai, A. Bio-oil valorization: A review. Renew. Sustain. Energy Rev.

2013, 23, 91–106. [CrossRef]
16. Remón, J.; Broust, F.; Volle, G.; García, L.; Arauzo, J. Hydrogen production from pine and poplar bio-oils by

catalytic steam reforming. Influence of the bio-oil composition on the process. Int. J. Hydrog. Energy 2015, 40,
5593–5608. [CrossRef]

17. Zhou, D.; Zhang, L.; Zhang, S.; Fu, H.; Chen, J. Hydrothermal Liquefaction of Macroalgae Enteromorpha
prolifera to Bio-oil. Energy Fuels 2010, 24, 4054–4061. [CrossRef]

18. Yang, C.; Jia, L.; Chen, C.; Liu, G.; Fang, W. Bio-oil from hydro-liquefaction of Dunaliella salina over Ni/REHY
catalyst. Bioresour. Technol. 2011, 102, 4580–4584. [CrossRef]

19. Jena, U.; Das, K.C. Comparative Evaluation of Thermochemical Liquefaction and Pyrolysis for Bio-Oil
Production from Microalgae. Energy Fuels 2011, 25, 5472–5482. [CrossRef]

20. Maddi, B.; Panisko, E.; Wietsma, T.; Lemmon, T.; Swita, M.; Albrecht, K.; Howe, D. Quantitative
characterization of the aqueous fraction from hydrothermal liquefaction of algae. Biomass Bioenergy

2016, 93, 122–130. [CrossRef]
21. Silva, J.M.; Soria, M.A.; Madeira, L.M. Challenges and strategies for optimization of glycerol steam reforming

process. Renew. Sustain. Energy Rev. 2015, 42, 1187–1213. [CrossRef]
22. Hu, X.; Lu, G. Comparative study of alumina-supported transition metal catalysts for hydrogen generation

by steam reforming of acetic acid. Appl. Catal. B Environ. 2010, 99, 289–297. [CrossRef]
23. Banach, B.; Machocki, A.; Rybak, P.; Denis, A.; Grzegorczyk, W.; Gac, W. Selective production of hydrogen by

steam reforming of bio-ethanol. Catal. Today 2011, 176, 28–35. [CrossRef]
24. Ishihara, A.; Andou, A.; Hashimoto, T.; Nasu, H. Steam reforming of ethanol using novel carbon-oxide

composite-supported Ni, Co and Fe catalysts. Fuel Process. Technol. 2020, 197, 106203. [CrossRef]
25. Khodakov, A.Y.; Chu, W.; Fongarland, P. Advances in the Development of Novel Cobalt Fischer−Tropsch

Catalysts for Synthesis of Long-Chain Hydrocarbons and Clean Fuels. Chem. Rev. 2007, 107, 1692–1744.
[CrossRef] [PubMed]

26. Llorca, J.; Dalmon, J.-A.; Ramírez de la Piscina, P.; Homs, N.S. In situ magnetic characterisation of supported
cobalt catalysts under steam-reforming of ethanol. Appl. Catal. A Gen. 2003, 243, 261–269. [CrossRef]

27. Tsoncheva, T.; Ivanova, L.; Minchev, C.; Fröba, M. Cobalt-modified mesoporous MgO, ZrO2, and CeO2

oxides as catalysts for methanol decomposition. J. Colloid Interface Sci. 2009, 333, 277–284. [CrossRef]
28. Calles, J.A.; Carrero, A.; Vizcaíno, A.J. Ce and La modification of mesoporous Cu–Ni/SBA-15 catalysts for

hydrogen production through ethanol steam reforming. Microporous Mesoporous Mater. 2009, 119, 200–207.
[CrossRef]

29. Pereira, E.B.; Homs, N.; Martí, S.; Fierro, J.L.G.; Ramírez de la Piscina, P. Oxidative steam-reforming of ethanol
over Co/SiO2, Co–Rh/SiO2 and Co–Ru/SiO2 catalysts: Catalytic behavior and deactivation/regeneration
processes. J. Catal. 2008, 257, 206–214. [CrossRef]

30. Chen, G.; Tao, J.; Liu, C.; Yan, B.; Li, W.; Li, X. Hydrogen production via acetic acid steam reforming: A critical
review on catalysts. Renew. Sustain. Energy Rev. 2017, 79, 1091–1098. [CrossRef]

222



Catalysts 2019, 9, 1013

31. Wang, Y.; Chen, M.; Yang, Z.; Liang, T.; Liu, S.; Zhou, Z.; Li, X. Bimetallic Ni-M (M=Co, Cu and Zn)
supported on attapulgite as catalysts for hydrogen production from glycerol steam reforming. Appl. Catal.

A Gen. 2018, 550, 214–227. [CrossRef]
32. Eschemann, T.O.; Oenema, J.; de Jong, K.P. Effects of noble metal promotion for Co/TiO2 Fischer-Tropsch

catalysts. Catal. Today 2016, 261, 60–66. [CrossRef]
33. Jermwongratanachai, T.; Jacobs, G.; Ma, W.; Shafer, W.D.; Gnanamani, M.K.; Gao, P.; Kitiyanan, B.; Davis, B.H.;

Klettlinger, J.L.S.; Yen, C.H.; et al. Fischer–Tropsch synthesis: Comparisons between Pt and Ag promoted
Co/Al2O3 catalysts for reducibility, local atomic structure, catalytic activity, and oxidation–reduction (OR)
cycles. Appl. Catal. A Gen. 2013, 464–465, 165–180. [CrossRef]

34. Harun, N.; Abidin, S.Z.; Osazuwa, O.U.; Taufiq-Yap, Y.H.; Azizan, M.T. Hydrogen production from glycerol
dry reforming over Ag-promoted Ni/Al2O3. Int. J. Hydrog. Energy 2018. [CrossRef]

35. Konsolakis, M.; Sgourakis, M.; Carabineiro, S.A.C. Surface and redox properties of cobalt–ceria binary oxides:
On the effect of Co content and pretreatment conditions. Appl. Surf. Sci. 2015, 341, 48–54. [CrossRef]

36. Trimm, D.L. Coke formation and minimisation during steam reforming reactions. Catal. Today 1997, 37,
233–238. [CrossRef]

37. Cerdá-Moreno, C.; Da Costa-Serra, J.F.; Chica, A. Co and La supported on Zn-Hydrotalcite-derived material
as efficient catalyst for ethanol steam reforming. Int. J. Hydrog. Energy 2019, 44, 12685–12692. [CrossRef]

38. Calles, J.A.; Carrero, A.; Vizcaíno, A.J.; García-Moreno, L.; Megía, P.J. Steam Reforming of Model Bio-Oil
Aqueous Fraction Using Ni-(Cu, Co, Cr)/SBA-15 Catalysts. Int. J. Mol. Sci. 2019, 20, 512. [CrossRef]

39. Casanovas, A.; Roig, M.; de Leitenburg, C.; Trovarelli, A.; Llorca, J. Ethanol steam reforming and water gas
shift over Co/ZnO catalytic honeycombs doped with Fe, Ni, Cu, Cr and Na. Int. J. Hydrog. Energy 2010, 35,
7690–7698. [CrossRef]

40. Casanovas, A.; de Leitenburg, C.; Trovarelli, A.; Llorca, J. Catalytic monoliths for ethanol steam reforming.
Catal. Today 2008, 138, 187–192. [CrossRef]

41. Li, Z.; Si, M.; Li, X.; Lv, J. Effects of titanium silicalite and TiO2 nanocomposites on supported Co-based
catalysts for Fischer–Tropsch synthesis. Appl. Organomet. Chem. 2019, 33, e4640. [CrossRef]

42. Tang, Y.; Yang, M.; Dong, W.; Tan, L.; Zhang, X.; Zhao, P.; Peng, C.; Wang, G. Temperature difference effect
induced self-assembly method for Ag/SBA-15 nanostructures and their catalytic properties for epoxidation
of styrene. Microporous Mesoporous Mater. 2015, 215, 199–205. [CrossRef]

43. Carrero, A.; Calles, J.A.; García-Moreno, L.; Vizcaíno, A.J. Production of Renewable Hydrogen from Glycerol
Steam Reforming over Bimetallic Ni-(Cu,Co,Cr) Catalysts Supported on SBA-15 Silica. Catalysts 2017, 7, 55.
[CrossRef]

44. Vizcaíno, A.J.; Carrero, A.; Calles, J.A. Hydrogen production by ethanol steam reforming over Cu–Ni
supported catalysts. Int. J. Hydrog. Energy 2007, 32, 1450–1461. [CrossRef]

45. Sun, X.; Sun, L.; Wang, J.; Yan, Y.; Wang, M.; Xu, R. Confination of Ag nanostructures within SBA-15 by a
“two solvents” reduction technique. J. Taiwan Inst. Chem. Eng. 2015, 57, 139–142. [CrossRef]

46. Martínez, A.; López, C.; Márquez, F.; Díaz, I. Fischer–Tropsch synthesis of hydrocarbons over mesoporous
Co/SBA-15 catalysts: The influence of metal loading, cobalt precursor, and promoters. J. Catal. 2003, 220,
486–499. [CrossRef]

47. Fierro, G.; Lo Jacono, M.; Inversi, M.; Dragone, R.; Porta, P. TPR and XPS study of cobalt–copper mixed oxide
catalysts: Evidence of a strong Co–Cu interaction. Top. Catal. 2000, 10, 39–48. [CrossRef]

48. Aspromonte, S.G.; Miró, E.E.; Boix, A.V. FTIR studies of butane, toluene and nitric oxide adsorption on Ag
exchanged NaMordenite. Adsorption 2012, 18, 1–12. [CrossRef]

49. Lin, S.S.Y.; Kim, D.H.; Ha, S.Y. Metallic phases of cobalt-based catalysts in ethanol steam reforming: The
effect of cerium oxide. Appl. Catal. A Gen. 2009, 355, 69–77. [CrossRef]

50. Yun, D.; Baek, J.; Choi, Y.; Kim, W.; Jong Lee, H.; Yi, J. Promotional Effect of Ni on a CrOx Catalyst Supported
on Silica in the Oxidative Dehydrogenation of Propane with CO2. ChemCatChem 2012, 4. [CrossRef]

51. Chen, J.; Zhang, X.; Arandiyan, H.; Peng, Y.; Chang, H.; Li, J. Low temperature complete combustion of
methane over cobalt chromium oxides catalysts. Catal. Today 2013, 201, 12–18. [CrossRef]

52. Zoican Loebick, C.; Lee, S.; Derrouiche, S.; Schwab, M.; Chen, Y.; Haller, G.L.; Pfefferle, L. A novel synthesis
route for bimetallic CoCr–MCM-41 catalysts with higher metal loadings. Their application in the high yield,
selective synthesis of Single-Wall Carbon Nanotubes. J. Catal. 2010, 271, 358–369. [CrossRef]

223



Catalysts 2019, 9, 1013

53. Scheffe, J.R.; Steinfeld, A. Thermodynamic Analysis of Cerium-Based Oxides for Solar Thermochemical Fuel
Production. Energy Fuels 2012, 26, 1928–1936. [CrossRef]

54. Amin, N.A.S.; Tan, E.F.; Manan, Z.A. SCR of NOx by C3H6: Comparison between Cu/Cr/CeO2 and
Cu/Ag/CeO2 catalysts. J. Catal. 2004, 222, 100–106. [CrossRef]

55. Cheng, W.-H.; Chen, I.; Liou, J.-S.; Lin, S.-S. Supported Cu Catalysts with Yttria-Doped Ceria for Steam
Reforming of Methanol. Top. Catal. 2003, 22, 225–233. [CrossRef]

56. Huang, X.; Ma, L.; Wainwright, M.S. The influence of Cr, Zn and Co additives on the performance of skeletal
copper catalysts for methanol synthesis and related reactions. Appl. Catal. A Gen. 2004, 257, 235–243.
[CrossRef]

57. Wang, Z.; Xi, J.; Wang, W.; Lu, G. Selective production of hydrogen by partial oxidation of methanol over
Cu/Cr catalysts. J. Mol. Catal. A Chem. 2003, 191, 123–134. [CrossRef]

58. Xu, L.; Duan, L.E.; Tang, M.; Liu, P.; Ma, X.; Zhang, Y.; Harris, H.G.; Fan, M. Catalytic CO2 reforming of CH4

over Cr-promoted Ni/char for H2 production. Int. J. Hydrog. Energy 2014, 39, 10141–10153. [CrossRef]
59. da Silva, A.L.M.; den Breejen, J.P.; Mattos, L.V.; Bitter, J.H.; de Jong, K.P.; Noronha, F.B. Cobalt particle size

effects on catalytic performance for ethanol steam reforming—Smaller is better. J. Catal. 2014, 318, 67–74.
[CrossRef]

60. Ma, H.; Zeng, L.; Tian, H.; Li, D.; Wang, X.; Li, X.; Gong, J. Efficient hydrogen production from ethanol steam
reforming over La-modified ordered mesoporous Ni-based catalysts. Appl. Catal. B Environ. 2016, 181,
321–331. [CrossRef]

61. Hu, X.; Dong, D.; Shao, X.; Zhang, L.; Lu, G. Steam reforming of acetic acid over cobalt catalysts: Effects of
Zr, Mg and K addition. Int. J. Hydrog. Energy 2017, 42, 4793–4803. [CrossRef]

62. Biswas, P.; Kunzru, D. Steam reforming of ethanol on Ni–CeO2–ZrO2 catalysts: Effect of doping with copper,
cobalt and calcium. Catal. Lett. 2007, 118, 36–49. [CrossRef]

63. Thaicharoensutcharittham, S.; Meeyoo, V.; Kitiyanan, B.; Rangsunvigit, P.; Rirksomboon, T. Hydrogen
production by steam reforming of acetic acid over Ni-based catalysts. Catal. Today 2011, 164, 257–261.
[CrossRef]

64. Wang, Y.; Chen, M.; Liang, T.; Yang, Z.; Yang, J.; Liu, S. Hydrogen Generation from Catalytic Steam Reforming
of Acetic Acid by Ni/Attapulgite Catalysts. Catalysts 2016, 6, 172. [CrossRef]

65. Nogueira, F.G.E.; Assaf, P.G.M.; Carvalho, H.W.P.; Assaf, E.M. Catalytic steam reforming of acetic acid as a
model compound of bio-oil. Appl. Catal. B Environ. 2014, 160–161, 188–199. [CrossRef]

66. Valle, B.; Aramburu, B.; Benito, P.L.; Bilbao, J.; Gayubo, A.G. Biomass to hydrogen-rich gas via steam
reforming of raw bio-oil over Ni/La2O3-αAl2O3 catalyst: Effect of space-time and steam-to-carbon ratio. Fuel

2018, 216, 445–455. [CrossRef]
67. Chen, J.; Yang, X.; Li, Y. Investigation on the structure and the oxidation activity of the solid carbon produced

from catalytic decomposition of methane. Fuel 2010, 89, 943–948. [CrossRef]
68. Nagasawa, S.; Yudasaka, M.; Hirahara, K.; Ichihashi, T.; Iijima, S. Effect of oxidation on single-wall carbon

nanotubes. Chem. Phys. Lett. 2000, 328, 374–380. [CrossRef]
69. Choong, C.K.S.; Zhong, Z.; Huang, L.; Wang, Z.; Ang, T.P.; Borgna, A.; Lin, J.; Hong, L.; Chen, L. Effect of

calcium addition on catalytic ethanol steam reforming of Ni/Al2O3: I. Catalytic stability, electronic properties
and coking mechanism. Appl. Catal. A Gen. 2011, 407, 145–154. [CrossRef]

70. Galetti, A.E.; Gomez, M.F.; Arrúa, L.A.; Abello, M.C. Hydrogen production by ethanol reforming over
NiZnAl catalysts: Influence of Ce addition on carbon deposition. Appl. Catal. A Gen. 2008, 348, 94–102.
[CrossRef]

71. Natesakhawat, S.; Watson, R.B.; Wang, X.; Ozkan, U.S. Deactivation characteristics of lanthanide-promoted
sol–gel Ni/Al2O3 catalysts in propane steam reforming. J. Catal. 2005, 234, 496–508. [CrossRef]

72. Qi, W.; Chen, S.; Wu, Y.; Xie, K. A chromium oxide coated nickel/yttria stabilized zirconia electrode with
a heterojunction interface for use in electrochemical methane reforming. RSC Adv. 2015, 5, 47599–47608.
[CrossRef]

73. Garcia, L.A.; French, R.; Czernik, S.; Chornet, E. Catalytic steam reforming of bio-oils for the production of
hydrogen: Effects of catalyst composition. Appl. Catal. A Gen. 2000, 201, 225–239. [CrossRef]

74. Helveg, S.; Sehested, J.; Rostrup-Nielsen, J.R. Whisker carbon in perspective. Catal. Today 2011, 178, 42–46.
[CrossRef]

224



Catalysts 2019, 9, 1013

75. Natesakhawat, S.; Wang, X.; Zhang, L.; Ozkan, U.S. Development of chromium-free iron-based catalysts for
high-temperature water-gas shift reaction. J. Mol. Catal. A Chem. 2006, 260, 82–94. [CrossRef]

76. Sierra Gallego, G.; Mondragón, F.; Tatibouët, J.-M.; Barrault, J.; Batiot-Dupeyrat, C. Carbon dioxide reforming
of methane over La2NiO4 as catalyst precursor—Characterization of carbon deposition. Catal. Today 2008,
133–135, 200–209. [CrossRef]

77. Carrero, A.; Calles, J.A.; Vizcaíno, A.J. Effect of Mg and Ca addition on coke deposition over Cu–Ni/SiO2

catalysts for ethanol steam reforming. Chem. Eng. J. 2010, 163, 395–402. [CrossRef]
78. Montero, C.; Ochoa, A.; Castaño, P.; Bilbao, J.; Gayubo, A.G. Monitoring Ni0 and coke evolution during the

deactivation of a Ni/La2O3–αAl2O3 catalyst in ethanol steam reforming in a fluidized bed. J. Catal. 2015, 331,
181–192. [CrossRef]

79. Osorio-Vargas, P.; Flores-González, N.A.; Navarro, R.M.; Fierro, J.L.G.; Campos, C.H.; Reyes, P. Improved
stability of Ni/Al2O3 catalysts by effect of promoters (La2O3, CeO2) for ethanol steam-reforming reaction.
Catal. Today 2016, 259, 27–38. [CrossRef]

80. Charisiou, N.D.; Siakavelas, G.; Papageridis, K.N.; Baklavaridis, A.; Tzounis, L.; Polychronopoulou, K.;
Goula, M.A. Hydrogen production via the glycerol steam reforming reaction over nickel supported on
alumina and lanthana-alumina catalysts. Int. J. Hydrog. Energy 2017, 42, 13039–13060. [CrossRef]

81. Silva, K.C.; Corio, P.; Santos, J.J. Characterization of the chemical interaction between single-walled carbon
nanotubes and titanium dioxide nanoparticles by thermogravimetric analyses and resonance Raman
spectroscopy. Vib. Spectrosc. 2016, 86, 103–108. [CrossRef]

82. Tzounis, L.; Kirsten, M.; Simon, F.; Mäder, E.; Stamm, M. The interphase microstructure and electrical
properties of glass fibers covalently and non-covalently bonded with multiwall carbon nanotubes. Carbon

2014, 73, 310–324. [CrossRef]
83. Ferencz, Z.; Varga, E.; Puskás, R.; Kónya, Z.; Baán, K.; Oszkó, A.; Erdőhelyi, A. Reforming of ethanol on
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Abstract: A catalytic screening was performed to determine the effect of the support on the
performance of an Au–Cu based system for the removal of CO from an actual syngas. First, a syngas
was obtained from reforming of ethanol. Then, the reformer outlet was connected to a second
reactor, where Au–Cu catalysts supported on several single and dual metal oxides (i.e., CeO2, SiO2,
ZrO2, Al2O3, La2O3, Fe2O3, CeO2-SiO2, CeO2-ZrO2, and CeO2-Al2O3) were evaluated. AuCu/CeO2

was the most active catalyst due to an elevated oxygen mobility over the surface, promoting CO2

formation from adsorption of C–O* and OH− intermediates on Au0 and CuO species. However, its
lower capacity to release the surface oxygen contributes to the generation of stable carbon deposits,
which lead to its rapid deactivation. On the other hand, AuCu/CeO2-SiO2 was more stable due
to its high surface area and lower formation of formate and carbonate intermediates, mitigating
carbon deposits. Therefore, use of dual supports could be a promising strategy to overcome the low
stability of AuCu/CeO2. The results of this research are a contribution to integrated production and
purification of H2 in a compact system.

Keywords: CO-PROX; CO-SMET; CO2 methanation; hydrogen purification; process integration

1. Introduction

Synthesis gas (syngas) is used as a chemical building block in the synthesis of commodity
chemicals and for energy applications. Specifically, syngas can be used in combustion processes [1],
gas turbines [2], or hydrogen fuel cells (H2-FC) [3] to produce energy. The H2-FC are promising systems
to provide sustainable energy for households, industry, transportation, and small devices. Likewise,
the use of H2-FC has been proposed as an alternative to supply energy in places that are not connected
to the electrical network and for remote installations [4].

The syngas composition varies depending on the production source, but mostly contains H2,
carbon monoxide (CO), and light hydrocarbons. Bioethanol reforming is one of the most used pathways
to produce syngas due to its high yield to H2 [5]. In a previous study [6], we obtained a syngas
containing H2, CO, CO2, CH4, and H2O from ethanol steam reforming (ESR) using a RhPt/CeO2-SiO2

catalyst. Syngas production remained stable for 72 h of continuous operation and on/off cycles.
This syngas could be used for sustainable energy production in H2-FC. However, CO must be removed
from the syngas because of its harmful effect on fuel cell electrodes [7].
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One of the most used strategies of CO removal from syngas is via chemical pathways,
which includes preferential oxidation of CO (CO-PROX) [8,9], water gas shift reaction (WGSR) [10],
and selective CO methanation (CO-SMET) [10]. Traditionally, the objective of the CO cleanup step is to
ensure CO concentrations below 10 ppm, which requires several catalytic reactors in series [11] and
presents a high operating cost. However, recent research studies have allowed the development of
H2-FC systems that tolerate CO concentrations above 100 ppm [12–14]. These contributions facilitate
the use of less complex systems for syngas purification, which could lead to the development of more
compact and economic H2 technology.

Anticipating the commercialization of a new generation of more CO-tolerant H2-FC, it has been
proposed to redesign the CO removal stage to reduce the number of process units in syngas purification.
The new approach seeks to carry out CO removal using a single catalytic reactor, where several
reactions occur simultaneously (i.e., CO-PROX, WGSR, and CO-SMET). Kugai et al. [15] studied Pt–Cu
and Pd–Cu bimetallic catalysts supported on CeO2 for oxygen-enhanced water gas shift (OWGS),
where WGSR and CO-PROX occur concurrently, reporting higher CO removal from a model reformate
gas (synthetic syngas) in the OWGS compared to the WGSR carried out individually. Similarly, Xu and
Zhang [16] reported that the presence of CO-SMET during CO-PROX on a commercial Ru/Al2O3 catalyst
allows for wider temperature windows that ensure the CO removal of a synthetic syngas. Despite
these valuable contributions, the CO removal from syngas in a compact system is still at laboratory
scale. Among the limitations for evaluation at the pilot scale is the lack of consensus regarding the
catalyst and the most appropriate operating conditions to carry out the syngas purification.

Au is recognized as a promising catalyst in the three cleaning reactions of syngas (i.e., CO-PROX,
WGSR, and CO-SMET) [17,18]. Reina et al. [19] evaluated bimetallic catalysts of Au–M (M = La, Ni,
Cu, Fe, Cr, Y), reporting that CO oxidation is favored by the Au–Cu combination because Cu interacts
strongly with the support, favoring the oxygen mobility in the catalyst. Also, in a previous study [20],
we evaluated Au–Cu bimetallic catalysts supported on CeO2 for CO removal from a syngas obtained
from ESR. It was possible to reduce the CO concentration below 100 ppm, but the catalyst showed
rapid deactivation after 40 h. Deactivation was related to structural changes in the support and to the
accumulation of carbonaceous compounds during continuous operation. Thus, this study illustrated
that the support plays a key role in CO removal from an actual syngas, and led us to evaluate different
supports for CO removal from a syngas in the search for a stable material.

Figure 1 shows the supports most used in the CO removal processes (i.e., WGSR, CO-PROX,
CO-SMET, or their combinations). CeO2, Fe2O3, ZrO2, TiO2, and Al2O3 are the most commonly
used single supports in CO removal from synthetic syngas. However, there is a growing interest in
mixed supports (dual metal oxides), because they may have characteristics not observed in individual
supports [21]. Most combinations of dual metal oxides include CeO2 in the matrix, usually combined
with supports that provide larger surface area, such as Al2O3 [22] and SiO2 [23], or with basic oxides,
such as ZrO2, to generate new active sites [24]. TiO2 is mainly used in CO removal by photocatalytic
processes [25] and was not considered in this study. On the other hand, although La2O3 is not among
the most used supports in CO removal, it was recently reported that La2O3 is effective for avoiding
carbon deposits during CO-SMET [26].
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Figure 1. Supports used in CO removal from syngas streams using CO-PROX, WGSR or
CO-SMET reactions.

Although several supports for syngas cleanup have been proposed, each investigation was carried
out under different experimental conditions and using synthetic syngas, which makes it difficult to
select the most suitable support for the CO removal. Therefore, the objective of this work was to study
the CO removal from an actual syngas using bimetallic catalysts of AuCu-supported on single and dual
metal oxides. Specifically, CeO2, ZrO2, La2O3, Fe2O3, Al2O3, and SiO2 were selected as single metal
oxides, and CeO2-SiO2, CeO2-ZrO2, and CeO2-Al2O3 as dual metal oxides. The catalytic performance
of the supports with and without active metals (i.e., Au and Cu) was evaluated. Then, the activity,
selectivity, and stability were established as criteria for selecting the most suitable support for the CO
elimination. In addition, characterization tests were conducted, such as temperature programmed
reduction (TPR), surface area tests using the Brunauer-Emmett-Teller (BET) method, oxygen storage
capacity (OSC) tests, thermogravimetric analysis (TGA), and in situ diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS).

2. Results and Discussion

2.1. Activity, Selectivity, and Stability

Figure 2 shows the CO conversion in the cleanup reactor on the bare supports (i.e., without Au and
Cu) and Au–Cu-supported catalysts. CeO2 and ZrO2 display the larger CO conversion between single
metal oxides (Figure 2a). Indeed, the presence of oxygen vacancies on the surface of an oxide could
favor a support showing high activity in the CO oxidation, despite the absence of active metals [27];
on the other hand, supports with low OSC, such as Al2O3 [28], present lower activity. The use of
dual metal oxides has been proposed as a strategy to overcome the deficiencies of single supports [21].
Figure 2b shows that CeO2-SiO2 increases the CO conversion compared to SiO2, which could be
associated with the interaction between the two oxides. However, no significant improvement in the
CO conversion with CeO2-Al2O3 was observed, and even for CeO2-ZrO2, the combination of the two
metal oxides leads to a less active material. Furthermore, below 260 ◦C the dual metal oxides showed
less activity that single CeO2, suggesting that the combination of several metal oxides does not always
lead to more active materials in the syngas cleaning.
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Figure 2. CO conversion obtained in the Cleanup reactor with supports (a,b) and supported 1 wt%
Au–1 wt% Cu catalysts (c,d). Syngas feed: 7.8% H2, 2.0% CO, 0.5% CO2, 0.3% CH4, 1.4% H2O, 1.8% O2,
6.8% N2, and 79.4% Ar. Reaction conditions: Space velocity (SV) = 6.5 ± 0.2 L/gcat*min and 0.3 g of the
catalytic bed.

On the other hand, catalytic systems based on Au, Cu and Au–Cu have been studied
extensively for the CO oxidation, CO-PROX, WGSR, and CO-SMET. In-depth descriptions for
Cu/CeO2 [9], AuCu/CeO2 [29], AuCu/SiO2 [30], AuCu/Al2O3 [31], Au/Fe2O3 [32], Au/La2O3/Al2O3 [33],
and Au/CeO2-ZrO2 [34,35] are available in the literature. In general, Au favors the CO conversion
through a mechanism that involves Au–CO and Au–OOH species [36], where the formation of
C–O* intermediates determines the selectivity of the process [20], while CuO acts through a redox
mechanism [8], promoting oxygen mobility in the oxide lattice [37] and facilitating the CO oxidation.
A synergistic Au–Cu effect has also been proposed [19,29,38]. Therefore, the inclusion of 1 wt% Au
and 1 wt% Cu in the single and dual metal oxides promotes greater CO conversion (Figure 2). Despite
having the same active metals (i.e., Au and Cu), the catalysts showed maximum CO conversion at
different temperatures, indicating that the properties of the support have a key role in the syngas
cleaning. Table 1 shows that only AuCu/CeO2 reached CO concentrations below 100 ppm in the actual
syngas at 210 ◦C, whereas minimum CO concentrations of the other catalysts were above 500 ppm.
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Table 1. Minimum concentration of CO obtained in syngas, apparent active metal dispersion (H/M ratio),
surface area, OSC, and OSCC of Au–Cu catalysts supported on single and dual supports.

Catalysta Minimum CO
Concentration in

Outlet Gas (ppm)b

H/M
Index

BET Surface
Area (m2/gcat)

OSC in AC Samples
(µmol O2/gcat)

OSCC at 300 ◦C
(µmol O2/gcat)

AC Spent 100 ◦C 300 ◦C Fresh Spent

AuCu/CeO2 75 at 210 ◦C 0.9 60 58 (U) 41 91 230 121 (U)
50 (S) 93 (S)

AuCu/SiO2 8320 at 240 ◦C 0.7 364 277 (U) 21 37 45 41 (U)
AuCu/ZrO2 507 at 225 ◦C 0.8 58 47 (U) 39 76 185 84 (U)
AuCu/Al2O3 745 at 180 ◦C 0.8 90 65 (U) 31 35 75 41 (U)
AuCu/La2O3 5365 at 225 ◦C 0.4 19 18 (U) 21 41 90 24 (U)
AuCu/Fe2O3 9416 at 140 ◦C 0.4 16 5 (U) NR NR NR NR

AuCu/CeO2-SiO2 861 at 230 ◦C 1.6 110 75 (U) 34 78 146 121 (U)
74 (S) 126 (S)

AuCu/CeO2-ZrO2 941 at 210 ◦C 0.9 42 30 (U) 42 94 210 162 (U)
AuCu/CeO2-Al2O3 1521 at 260 ◦C 1.2 65 56 (U) 32 79 155 121 (U)

a Nominal metal loadings: 1 wt% Au and 1 wt% Cu. b Value includes the carrier gas. AC: activated catalyst, which
were reduced with H2 and stabilized in air before activity tests. U: sample used to obtain light-off curves. S: sample
evaluated in the stability test. Note: NR =Not reported; OSC = oxygen storage capacity; OSCC = oxygen storage
complete capacity; BET: Brunauer-Emmett-Teller test.

On the other hand, the selectivity in the CO removal has been attributed to the support rather
than the active metal [39], being the consumption of H2 an important criterion in catalyst selection [39].
Figure 3 shows that H2 consumption increases with temperature, particularly in the supports and
catalysts based on ZrO2. The deficiency of ZrO2 to adsorb/desorb bidentate carbonates above 150 ◦C has
been associated with a promotion of the H2 combustion over the CO oxidation [40]. Likewise, H2 loss
increases in the majority of the supported Au–Cu catalysts (Figure 3c,d) compared to their respective
bare support (Figure 3a,b), possibly due to affinity of the Au–Cu system to form intermediates in the
H2 oxidation (e.g., hydroxyl groups [29,41]) and methane formation (e.g., C–O* species [18,20,42]).
Also, the most active catalysts in the CO removal (i.e., AuCu/CeO2, AuCu/ZrO2, AuCu/CeO2-SiO2,
and AuCu/CeO2-ZrO2) promote higher H2 consumption. That is, an active catalyst in the CO conversion
possibly has an inherent tendency to consume H2. The high H2 consumption, which in some cases
exceeds 20%, could be associated with the syngas composition [20,37], specifically with the H2/CO
ratio. Table 2 shows the results obtained in the CO removal with catalytic systems based on Au–Cu.
High H2/CO ratios (>>10 [43]) are used in CO-PROX with synthetic syngas to favor CO oxidation [44]
and reduce the H2 consumption. To achieve such high H2/CO ratios before CO-PROX several WGSR
reactors are required, however [11]. Thence, aiming at reducing the number of units used in the
traditional process, it has been proposed to carry out CO removal reactions in a single reactor using
the syngas that comes directly from the reformer [15,20,35]. Nevertheless, the syngas obtained directly
from the ESR contains larger amounts of CO. H2/CO ratios around 4 have been reported for syngas
obtained from ESR using Ir/CeO2 [45] and RhPd/CeO2 [46] catalysts. Thus, the low H2/CO ratio in the
actual syngas (e.g., the syngas used in this work has an H2/CO = 4) could conduce to a high H2 loss in
the cleanup reactor. Simultaneous production of CO2 and CH4 was observed in all catalysts evaluated
(Figures A1 and A2 in Appendix A), suggesting that CO-SMET and CO2 methanation occur together
with CO-PROX and WGSR. Then, H2 oxidation and carbon hydrogenation would be the main causes
of H2 loss during the CO removal from an actual syngas.

231



Catalysts 2019, 9, 852

 

⁓ ⁓
⁓
⁓ ⁓
⁓ ⁓

⁓

 

Figure 3. H2 yield obtained from a system that integrate the ethanol steam reforming (ESR) reactor and
the cleanup reactor, where the CO removal is performed with bare supports (a,b) and supported 1 wt%
Au–1 wt% Cu catalysts (c,d). Reaction conditions: SV = 6.5 ± 0.2 L/gcat*min and 0.3 g of the catalytic
bed in both reactors.

Table 2. Comparison of various catalytic systems for the CO removal using Au–Cu catalysts.

Catalyst
Syngas

Type
H2/CO T (◦C)

CO Conversion
(%)

H2 Loss (%) Ref.

AuCu/CeO2 Synthetic 30 220 90 2 [29]
AuCu/SBA-15 Synthetic >50 25 100 5a [47]

Au/CuO-CeO2/Al2O3 Synthetic 4.5 350 75 NR [17]
Au/CeO2-CuO2/Al2O3 Synthetic 50 110 95 3a [19]

Au/Al2O3 Synthetic >50 80 99 2a [36]
Au/CeO2-ZrO2 Actual 30 100 99 2a [35]

AuCu/CeO2 Actual 4 210 99 17 This work
AuCu/CeO2-SiO2 Actual 4 230 97 19 This work

a Calculated by O2 mass balance. NR: Not reported.
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Although CH4 formation implicitly involves an undesirable H2 consumption, it has been reported
that a combination of CO-PROX and methanation improves CO removal compared to the CO-PROX
alone, because of favoritism in the activation of adsorbed CO [16]. Then, C and H mass balances
were carried out to determine the effect of CH4 production on H2 consumption and CO conversion.
Figure 4 shows the H2 and CO converted with respect to the CH4 formed in the cleanup reactor.
CH4 formation appears to be directly proportional to H2 loss (Figure 4a), but the amount of H2

consumed is larger than the amount of H2 contained in the formed CH4 (yellow line); moreover,
in most catalysts, H2 loss is larger than the H2 required by CO2 methanation (green line). Hence,
the remnant of H2 loss may be associated with the production of water or hydrogenated compounds
not detected by GC, indicating that methanation would have a secondary role in the H2 loss during
the syngas cleanup. On the other hand, CO conversion grows faster compared to the contribution of
methanation (Figure 4b). Xu et al. [16] studied a Rh/Al2O3 catalyst and proposed that at temperatures
above 150 ◦C, the methanation of CO2 formed during the CO-PROX facilitates the CO oxidation caused
by changes in the C–O* and H* adsorbed species. This possible beneficial effect of CO-PROX and
subsequent CO2 methanation seems to be stronger in some catalysts (e.g., AuCu/CeO2-Al2O3 and
AuCu/CeO2-SiO2), which would explain their higher activity at high temperatures (Figure 2d), where
most CH4 was produced (Figure A2 in Appendix A). AuCu/CeO2 and AuCu/La2O3 show an atypical
trend (Figure 4b), where the CO conversion decreases with the CH4 formation, which could depend
on the intermediates of C–O* formed on theses catalysts, as will be discussed later. Therefore, these
results would confirm the beneficial effect of CO2 methanation during the CO-PROX proposed in [16],
but it was also identified that this effect depends on the support and composition of the syngas.

 

 

Figure 4. Contribution of methanation in (a) the H2 consumption and (b) CO conversion during the
CO removal from an actual syngas. The shaded area conveys the trend of the experimental data.

Although the main objective in the cleaning of the syngas is the CO removal, differences in
the activity and selectivity could lead to changes in product distribution over prolonged periods
of operation. Therefore, the stability of Au–Cu catalysts loaded on the best single (CeO2) and dual
support (CeO2-SiO2) was evaluated. Figure 5 shows the product distribution over time obtained
from a system consisting of ESR and cleanup reactors, the latter of which is packed with either
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AuCu/CeO2 or AuCu/CeO2-SiO2. In both cases, a H2-rich stream is obtained. However, AuCu/CeO2

shows more variability in product distribution, and after around 42 h of operation deactivation was
observed, at which point the test was stopped. In contrast, the AuCu/CeO2-SiO2 catalyst ensures a
stable operation for longer periods of time (at least 30% more time-on-stream, Figure 5b) with CO
concentration of about 1000 ppm. The results of the stability test show that the use of dual metal oxides
leads to less active (i.e., CO concentration of 1000 ppm versus 75 ppm) but more stable materials, which
could be more interesting in extended processes.

 

 

Figure 5. Products distribution obtained from a system that integrate the ESR reactor and the cleanup
reactor, where the CO removal is performed with (a) AuCu/CeO2 and (b) AuCu/CeO2-SiO2 catalysts.
Syngas feed: 7.8% H2, 2.0% CO, 0.5% CO2, 0.3% CH4, 1.4% H2O, 1.8% O2, 6.8% N2, and 79.4% Ar.
Reaction conditions: The space velocity (SV) = 6.5 ± 0.2 L/gcat*min and 0.3 g of the catalytic bed. Note:
TOS = Time-on-stream.

Activity, H2 consumption, and stability were used as criteria for comparison among the
Au–Cu-supported catalysts for the CO removal from an actual syngas. Now, catalytic properties,
such as reducibility, surface area, OSC, carbon deposit formation, and the CO-support interactions,
will be related to the activity, selectivity, and stability of the Au–Cu catalysts supported in single and
dual metal oxides.

2.2. Catalysts Characterization

2.2.1. TPR

The redox properties of catalysts have a significant effect on CO oxidation and metal-support
interactions [17]. Figure 6 shows the H2-TPR profiles for the Au–Cu catalysts supported on single and
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dual metal oxides. Deconvolution peaks are presented to identify possible individual contributions in
each reduction zone, but they are not intended to be exact. Contrary to bare supports (Figure A3 in
Appendix A), discrepancies are observed between supported Au–Cu catalysts. The specific reduction
temperatures for Au and Cu are very diverse in the literature, possibly because the reduction of
metals strongly depends on the interaction with other species [48]. In this study, a first zone (<130 ◦C)
observed was attributed to the reduction of Au3+ and Au+ nanoparticles [41]. The second zone (130 to
430 ◦C) was associated with the reduction of Cu, where at least three species [49] can be identified:
(α) easily reducible CuO nano particles, (β) particles of CuO dispersed that interact moderately with
the support, and (γ) isolated particles of Cu [50]. In the last zone (>430 ◦C), the reduction of surface
layers and bulk of the support is likely happening [34]. The α and β species promote the formation of
oxygen vacancies [51], contributing to the CO oxidation. Thus, preferential formation of CuO species in
single and dual metal supports would explain the increase in CO2 production over Au–Cu-supported
catalysts compared to bare supports (Figures A1 and A2 in Appendix A).

 

α β
γ

α β

 

β

γ

α

Figure 6. H2-temperature programmed reduction (TPR) profiles for Au–Cu catalysts supported on (a)
single and (b) dual metal oxides.

On the other hand, the displacement of the reduction peaks to lower temperatures has been
associated with changes in metal-support interactions [48]. CeO2 shows an exceptional ability to
facilitate the reduction of Cu and the formation of (mostly) β species. This effect has been previously
studied [9,52], correlating a stronger CuO-CeO2 interaction with high activity during CO-PROX.
However, the increase in the contribution of γ-species and a slight shift of reduction peaks to higher
temperatures could indicate a variation of the CuO-CeO2 interaction in the Au–Cu catalysts supported
in dual oxides. Thus, a change in the redox properties of the support caused by the presence of a second
metal oxide could explain why the Au–Cu catalysts supported on dual oxides (i.e., AuCu/CeO2-SiO2,
AuCu/CeO2-ZrO2, and AuCu/CeO2-Al2O3) showed less activity compared to AuCu/CeO2 (Figure 2).
However, an exceedingly strong CuO-support interaction could also mitigate the formation of selective
Au–Cu alloys [31]. In fact, AuCu/ZrO2 and AuCu/CeO2-ZrO2 show a significant contribution of α
species, which could be related to the high H2 loss observed in these catalysts (Figure 3c,d). On the
contrary, the combination of inert metal oxides such as Al2O3 with CeO2 could facilitate the migration

235



Catalysts 2019, 9, 852

of CuO towards Au particles [31], leading to lower H2 loss compared to single CeO2 support. Then,
the change in redox properties of CeO2 by the presence of inert metal oxides (e.g., SiO2) could lead to
less active but more selective materials during CO removal.

Table 1 shows the H/M index, which has been associated with apparent active metal dispersion [53].
The H/M index in AuCu/Fe2O3 and AuCu/La2O3 is particularly low, indicating that these catalysts
are not as effective for dispersing active metals [53]. In the other catalysts, the H/M index was
close to or larger than 1.0 (i.e., complete reduction of Au and Cu), which could be associated with
a higher dispersion of Au and Cu on the catalytic surface. However, a high H/M value could also
indicate an additional effect of superficial reduction of the supports by the interaction between metal
oxides and active metals [54]. Au–Cu catalysts supported on dual metal oxides showed higher H/M
index compared to their respective single supports, which could be associated with a favoring in the
reduction of both active metals and support due to the interaction between metal oxides. If so, then the
redox properties of Au–Cu catalysts supported on dual oxides would depend on several interactions:
(i) active metal-active metal; (ii) active metal-support, and (iii) oxide I-oxide II. The variation of these
interactions influences catalytic performance during CO removal.

2.2.2. BET Area

The surface area of the catalysts is key to the availability of the active sites and catalytic
performance [55]. The BET area (Table 1) of the catalysts supported on basic oxides (i.e., CeO2, ZrO2

and La2O3 [56]) is larger than their respective bare supports (Table A1 in Appendix B), which has
been previously associated with the formation of high disperse β species [20,57]. On the other hand,
AuCu/Fe2O3 and AuCu/La2O3 show low surface areas, which match to the low capacity of these metal
oxides to disperse active metals (low H/M index, Table 1). The synthesis method of the catalysts could
influence the surface area of the support, overcoming some drawbacks of metal oxides such as Fe2O3 by
using alternative synthesis methods [32,58]. In contrast, the higher surface area of AuCu/CeO2-Al2O3

and AuCu/CeO2-SiO2 could favor the dispersion of Au and Cu, which is reflected by a larger H/M
index (Table 1).

Although an increase in the surface area could contribute to improving the catalytic activity [55],
the trend for surface area of the catalysts does not match their activity (Figure 2), indicating that the
supports have other features that could be more relevant during the CO removal. Figure 7 shows the
conversion rate of CO normalized by the surface area of catalysts. AuCu/La2O3 has a high normalized
activity, possibly because the basic supports promote the formation of Au nanoparticles [33] and
formation of β species [20,57], which are active in the CO conversion. In fact, basic oxides, such as
CeO2 and ZrO2, also have higher normalized activity compared to less basic supports, such as Al2O3

and SiO2. Also, the normalized activity of the AuCu/CeO2-ZrO2 catalyst increases compared to their
respective single supports. Recently, it was reported that the replacement of Zr4+ ions in the lattice of
the CaO-CeO2 system leads to the formation of highly basic sites [59]. Then, we speculate that the high
interaction in CeO2-ZrO2 observed by TPR could lead to the formation of sites with greater basicity.
However, the low surface area of basic supports is a well-known limitation that affects their activity [6].
So, because of the possible role of basic sites in CO removal, the design of catalysts for CO removal
should include a support with both a high surface area and elevated basicity. Modifications in the
morphology of metal oxides have been proposed as a successful strategy to achieve this objective in
other catalytic processes [60]. Then, preparation of Au–Cu catalysts supported on single and dual
metal oxides can be optimized to improve their catalytic properties during CO removal.
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Figure 7. CO conversion rate normalized by the surface area of the Au–Cu catalysts supported in (a)
single and (b) dual metal oxides.

2.2.3. OSC Measurements

The OSC of the support plays a central role in the oxidation of CO adsorbed on active sites [27].
Table 1 shows the OSC of Au–Cu catalysts supported on single and dual metal oxides. In general, the
OSC of supported Au–Cu catalysts is higher than that of the bare supports (Table A1 in Appendix B),
indicating that the presence of Au and Cu favors greater oxygen mobility in the catalyst. Also,
the presence of α and β species has been associated with the formation of oxygen vacancies on the
catalytic surface [52]. Catalysts that have a higher OSC at 300 ◦C (i.e., AuCu/CeO2-ZrO2, AuCu/CeO2,
AuCu/CeO2-SiO2, and AuCu/ZrO2) were the most active (Figure 2), but also those that showed the
highest consumption of H2 (Figure 3). However, the OSC depends strongly on the temperature: at 100
◦C, all catalysts except AuCu/Al2O3 showed an OSC up to 60% lower compared to 300 ◦C, which could
be related to the lower activity of catalysts at low temperatures (Figure 2).

Likewise, the CO2 formation depends on the availability of surface oxygen [15]. The first CO
pulse (OSC) in AuCu/CeO2 only corresponds to 39% of its oxygen storage complete capacity (OSCC),
indicating that oxygen adsorbed on CeO2 may not be easily released. The possible deficiency of CeO2

to release the oxygen absorbed on its surface could limit the oxidation of carbon intermediates, which
could, in turn, be related to the atypical trend observed in Figure 4b. The OSC in supports with
larger surface area (i.e., AuCu/SiO2, AuCu/Al2O3, AuCu/CeO2-SiO2, and AuCu/CeO2-Al2O3), on the
other hand, corresponds to more than 50% of their OSCC. A higher availability of surface oxygen
(> OSC/OSCC) could be associated with the strong effect of CO2 methanation on the CO removal for
AuCu/CeO2-SiO2 and AuCu/CeO2-Al2O3, as previously discussed. If so, then the beneficial effect of
methanation during the CO-PROX proposed by [16] could be enhanced in catalysts that combine a
high OSC and readiness to release their adsorbed oxygen (i.e., high OSC/OSCC ratio), which would
require a high surface area.
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On the other hand, the OSCC of the catalysts used decreases with respect to the fresh, activated
ones (AC samples), reaching up to 73% reduction with AuCu/La2O3. This reduction could be associated
with progressive oxidation of the catalyst surface by the presence of oxidants in the gas stream and
deposits on the catalytic surface [20], conducive of a progressive deactivation. To clarify this, a TGA
study was conducted.

2.2.4. TGA

Table 3 shows the weight loss of Au–Cu catalysts supported on single and dual metal oxides.
Most AC samples show a weight loss of less than 1% that could correspond to a remnant of the
precursors of the active metals. However, AuCu/Fe2O3 and AuCu/CeO2-SiO2 show an increase in
weight that can be associated with an oxygen adsorption; specifically, the CeO2-SiO2 system can form a
Ce9.33(SiO4)·6O2 phase that is susceptible to consume oxygen above 600 ◦C [6]. The used catalysts have
a higher weight loss than the fresh, activated ones (AC samples), indicating the presence of compounds
deposited on the catalytic surface during the reaction. To determine the nature of the deposits, the TGA
results were analyzed by weight loss in terms of rate of carbon equivalent formed in each temperature
interval (Table 3). In the first interval (40–250 ◦C), light compounds, such as water, and adsorbed
OH− and gases are released [28]; in this interval, AuCu/SiO2 and AuCu/Al2O3 showed the highest
weight loss, which could be related to their high surface area, which favors moisture adsorption. In the
second interval (250–600 ◦C), light hydrocarbons are oxidized [26]; AuCu/La2O3 and AuCu/Fe2O3

had the highest rate of carbon formation in this interval, which would explain the strong decrease
in the OSCC and surface area, respectively, observed in these samples (Table 1). In the last interval
(600–1000 ◦C), heavy hydrocarbons are oxidized, which are the type of deposits that could favor a faster
deactivation of the catalyst [56]; in this zone, AuCu/CeO2 showed a higher rate of carbon formation.
Thus, rapid deactivation observed in AuCu/CeO2 (Figure 5) could be associated with the decrease in
surface area (17%, Table 1) and OSCC (59%, Table 1) promoted by the accumulation of deposits on the
catalytic surface (Table 3). The formation of stable deposits could be associated with the formation of
intermediates during the CO removal [28]; therefore, in situ DRIFTS was carried out to identify how
the interaction between CO and support affects the performance of the supported Au–Cu catalysts.

Table 3. Weight loss of Au–Cu catalysts supported on single and dual supports evaluated in CO
removal from an actual syngas.

Catalyst
Total Weight Loss (%)

Weight Loss of Spent Catalyst Samples by
Temperature Intervals (mg of C/gcat*h)

AC Spent 40–250 ◦C 250–600 ◦C 600–1000 ◦C

AuCu/CeO2 0.7 3.8 (U) 17.1 (U) 6.8 (U) 11.8 (U)
5.6 (S) 14.5 (S) 15.1 (U) 18.1 (U)

AuCu/SiO2 0.3 3.7 (U) 35.5 (U) 3.4 (U) 3.9 (U)
AuCu/ZrO2 0.9 1.6 (U) 9.2 (U) 2.1 (U) 4.7 (U)
AuCu/Al2O3 0.5 3.7 (U) 28.9 (U) 2.1 (U) 9.4 (U)
AuCu/La2O3 0.6 2.1 (U) 9.2 (U) 7.5 (U) 2.4 (U)
AuCu/Fe2O3 −0.3 2.5 (U) 18.4 (U) 8.9 (U) NR

AuCu/CeO2-SiO2 −0.9 0.3 (U) 3.9 (U) 4.8 (U) NR
1.3 (S) 15.8 (S) 4.1 (U) NR

AuCu/CeO2-ZrO2 0.5 1.7 (U) 9.2 (U) 6.2 (U) 0.8 (U)
AuCu/CeO2-Al2O3 0.6 2.6 (U) 17.1 (U) 2.7 (U) 7.1 (U)

Note: AC = activated catalyst, which were reduced with H2 and stabilized in air before activity tests; U = sample
used to obtain light-off curves; S = sample evaluated in the stability test; NR = Not reported.
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2.2.5. In Situ DRIFTS

Figure 8 shows the DRIFTS spectra of CO adsorption on bare supports and supported Au–Cu
catalysts. CeO2 and ZrO2 show higher intensity in the area associated with hydroxyl groups
(~3500 cm−1) that contributes to the CO conversion [36], which would explain their high activity among
single metal oxides (Figure 2). Although the CO pulses were free of H2 or water, hydroxyl groups may
be formed from the interaction of H2 with the surface of the support [61], which could occur during the
H2 reduction that was performed on the AC samples. In fact, Zhou et al. [62] studied the CO adsorption
on bare ZrO2 by DRIFTS and Fourier Transform Infrared Spectroscopy (FTIR), identifying up to three
families of hydroxyl groups in the zone from 3675 to 3772 cm−1, which are activated by the adsorption
of CO, even at room temperature, and have an active role in the formation of surface intermediates.
CeO2 favors the formation of hydroxyl groups even with the first pulse of CO, which could be decisive
in ensuring a syngas with a lower CO concentration. In the C–O* zone (1200 to 1700 cm−1 [63]),
the formation of bidentate carbonates (1600 cm−1) and formates (1300 and 1500 cm−1) are observed,
which are also intermediates in the CO conversion [20,51,63]. The formation of hydroxyl groups and
C–O* species were lower than dual supports when compared to CeO2; specifically, CeO2-Al2O3 shows
a significant reduction in the formation of C–O* intermediates, which would correspond to its lower
activity among the dual supports (Figure 2).

The inclusion of Au–Cu in the single oxides (Figure 8c) favors the presence of hydroxyls and
the formation of C–O* intermediates, possibly due to the ability of Au to form Au–CO and Au–OOH
species [36]. In fact, most catalysts show an increase in CO adsorbed (2100 cm−1), which is associated
with CO–Au0 species [64], indicating that Au could be present mostly as Au0 on the catalytic surface,
as previously reported for systems such as Au/CeO2 [20] and Au/La2O3/Al2O3 [33], evaluated by XPS.
However, in AuCu/CeO2-SiO2 and AuCu/CeO2-ZrO2, a weak peak of CO adsorption between 2075
and 2050 cm−1 is also observed, which has been associated with the formation of CO–Auδ− species [65].
In the case of AuCu/CeO2-ZrO2, the formation of these species only occurs after several CO pulses.
The presence of Auδ− has been related to a stronger support-metal interaction, which could be ascribed
to the high stability of AuCu/CeO2-SiO2 (Figure 5).

The formation of C–O* intermediates may occur on different active sites, including Au0, Auδ,
and CuO, but the formation of carbonate species at approximately 1470 cm−1 occurs preferably on Cu+

species [66], which are very active in CO-PROX [67]. The peak associated with Cu+ is well defined in
AuCu/CeO2. Furthermore, the formation of active Cu+ species due to the high affinity in CuO-CeO2

has been extensively studied by XPS and DRIFTS [25,68]. Thus, a smaller amount of Cu+ species on
the other catalysts could explain their inability to ensure CO concentrations below 100 ppm (Table 1).
Besides, the peaks associated with formate species, which are related to CH4 formation, are better
defined on CeO2. It is accepted that CH4 formation is promoted on several oxides (e.g., Al2O3, ZrO2,
Y2O3, MgO, and CeO2 [69]), but the special ability to adsorb and activate carbon species makes CeO2

an adequate support in CO2 methanation and CO-SMET [70]. Nevertheless, during the CO removal
the Boudouard reaction and the CH4 decomposition could contribute to the production of carbon
deposits [26], favoring the catalyst deactivation. Then, the ability of CeO2 to form C–O* intermediates
(Figure 8) assisted by Cu+ species and its lower capacity to release the surface oxygen (low OSC/OSCC)
could contribute to the generation of stable carbon deposits, as was observed by TGA, leading to its
rapid deactivation (Figure 5). Besides, the deficiency of AuCu/CeO2 to mitigate carbon deposition due
to the excessive formation of C–O* intermediates could be also related to the atypical behavior of CH4

formation (Figure 4b). However, the less active materials show low formation of intermediates (e.g.,
AuCu/La2O3, AuCu/Fe2O3, and AuCu/SiO2). Thus, the selection of the support for the CO removal
from a syngas must consider the balance between activity and stability.
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Figure 8. In situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) of CO adsorption
of (a,b) bare supports and (c,d) supported Au–Cu catalysts.

The results of DRIFTS support the notion that the use of dual metal oxides favors less active
but more stable catalysts. Therefore, in this study, CeO2 is presented as the most promising support
for developing a compact system to carry out the CO removal from an actual syngas. However,
the selectivity and stability of CeO2 require improvements. Furthermore, it was shown that the use of
dual supports, specifically CeO2-SiO2 and CeO2-ZrO2, could be a promising strategy to overcome the
deficiencies presented by CeO2.

3. Materials and Methods

3.1. Support Selection

The supports evaluated in this work were selected according to a literature review, and are
summarized in Figure 1. Scientific articles published between 2012 and 2019 that included at least
one of the following reactions were reviewed: CO-PROX, WGSR, and CO-SMET. The detailed list of
reviewed articles can be consulted in Table A2 (see Appendix B).
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3.2. Catalyst Synthesis

The single supports of CeO2, ZrO2, and Fe2O3 were obtained by calcination at 500 ◦C for 2 h of
Ce(NO3)3·6H2O (CAS: 10294-41-4, Sigma Aldrich, Saint Louis, MO, USA), ZrO(NO3)2·xH2O (CAS:
14985-18-3, Sigma Aldrich, Saint Louis, MO, USA), and Fe(NO3)3·9H2O (CAS: 7782-61-8, Merck,
Darmstadt, HE, Germany), respectively. Also, commercial oxides of La2O3 (CAS: 1312-81-8, Sigma
Aldrich, Saint Louis, MO, USA), Al2O3 (CAS: 1344-28-1, Sigma Aldrich, Saint Louis, MO, USA),
and SiO2 (CAS: 60676-86-0, Merck, Darmstadt, HE, Germany) were used, which were also calcined at
500 ◦C in a muffle for 2 h.

Dual supports of CeO2-ZrO2, CeO2-Al2O3, and CeO2-SiO2 were obtained from aqueous solutions
of Ce Ce(NO3)3·6H2O (CAS: 10294-41-4, Sigma Aldrich, Saint Louis, MO, USA) with ZrO(NO3)2·H2O
(CAS: 14985-18-3, Sigma Aldrich, Saint Louis, MO, USA), Al2O3 (CAS: 1344-28-1, Sigma Aldrich,
Saint Louis, MO, USA), and SiO2 (CAS: 60676-86-0, Merck, Darmstadt, HE, Germany), respectively,
ensuring a molar ratio of Ce/M = 1 (M = Si, Zr and Al). Each solution was dried at 80 ◦C for 24 h and
calcined at 500 ◦C in a muffle for 4 h. All supports (i.e., single and dual metal oxides) were screened
with a 140-mesh sieve.

Bimetallic Au–Cu catalysts supported on each single and dual metal oxide were prepared
according to the procedure described in [20], ensuring active metal loads of Au (1 wt%) and Cu
(1 wt%). Au was first impregnated on each support by the precipitation-deposition method at pH 6
and 80 ◦C, using a solution of HAuCl4·3H2O (CAS: 16961-25-4 Sigma Aldrich, MO, USA). The filtered
solid was dried at 80 ◦C for 24 h. Subsequently, Cu was included in the Au catalysts by the incipient
wetness impregnation method, using a solution of Cu(NO3)2·3H2O (CAS: 10031-43-3, Sigma Aldrich,
Saint Louis, MO, USA). The catalyst obtained was dried at 80 ◦C for 24 h, calcined at 500 ◦C in a muffle
for 2 h, and screened with a 140-mesh sieve.

The RhPt/CeO2-SiO2 catalyst for ESR was prepared according to the methodology described in [6].
Briefly, CeO2-SiO2 support was obtained from Ce(NO3)3·6H2O (CAS: 10294-41-4, Sigma Aldrich, Saint
Louis, MO, USA) and SiO2 (CAS: 60676-86-0, Merck, Darmstadt, HE, Germany) solutions, ensuring a
molar ratio of Ce/Si = 2. Rh and Pt were deposited on the CeO2-SiO2 support by the incipient wetness
co-impregnation method, using RhCl3·H2O (CAS: 20765-98-4, Sigma Aldrich, Saint Louis, MO, USA)
and H2PtCl6·6H2O (CAS: 10025-65-7, Sigma Aldrich, Saint Louis, MO, USA) solutions. The catalyst
obtained was dried at 80 ◦C for 24 h, calcined at 700 ◦C for 2 h, and screened with a 140-mesh sieve.

3.3. Obtaining Syngas

The syngas was obtained from ESR with a RhPt/CeO2-SiO2 catalyst at 700 ◦C in the first reactor
(ESR reactor). The plug flow conditions in the ESR reactor were maintained ensuring L/Dp >50 ratios
(i.e., catalytic bed height (L) and catalyst particle size (Dp)) and D/Dp >60 (i.e., diameter internal to the
reactor (D)), as recommended in [71]. The catalyst bed consisted of 0.050 g of RhPt/CeO2-SiO2 and
0.250 g of inert quartz. The reactor feed consisted of 0.3 L/min of a mixture of ethanol (1.8 mol%), water
(5.4 mol%), and Ar as carrier gas. The space velocity (SV) was set at 6.4 ± 0.2 L/gcat*min. The syngas
obtained in the ESR reactor, containing H2 (8.4 mol%), CO (2.2 mol%), H2O (1.6 mol%), CO2 (0.6 mol%),
CH4 (0.3 mol%), and Ar (86.9 mol%), remained stable, with a variation <6.8%.

3.4. Catalytic Test

The supports and Au–Cu catalysts for the CO removal from the syngas were evaluated in a second
reactor (cleanup reactor) between 100 and 300 ◦C. For this, the ESR reactor outlet was mixed with
dry air, ensuring an excess oxygen factor (λ) of 1.8 ± 0.05 [20], and connected to the cleanup reactor
inlet. The plug flow conditions in the cleanup reactor were maintained as previously described for the
ESR reactor. The catalyst bed consisted of 0.050 g of catalyst (i.e., supports or Au–Cu catalysts) and
0.250 g of inert quartz. The SV in the cleanup reactor was set at 6.5 ± 0.3 L/gcat

*min. Before the reaction,
the supports and Au–Cu catalysts were pretreated in situ at 300 ◦C with streams of 8% H2/Ar for 1 h,
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followed by Ar for 0.5 h, and finally 10% air/Ar for 0.5 h. These samples were labeled as “activated
catalyst” (AC). Also, the samples used to obtain the light-off curves were labeled “U”, while those
used in the stability test were labeled “S”.

The species at the outlet of each reactor (i.e., ESR reactor and cleanup reactor) were quantified
by gas chromatography (GC) in a Clarus 580 (Perkin Elmer, Waltham, MA, USA), equipped with a
Carboxen 1010 plot column (30 m, 0.53 mm ID, Restek, Bellefonte, PA, USA) connected to a thermal
conductivity detector (TCD). Ar was used as carrier gas and N2 as internal reference. The reaction
conditions and GC data processed in Excel can be consulted in detail and downloaded from [72].

The conversion of CO (xCO), the production of the main products (YCO2 and YCH4), and the H2

obtained (YH2 ) from the integrated system were obtained considering the molar flows (Fi) to the output
of each reactor (i.e., ESR reactor and cleanup reactor), according to Equations (1) and (3). Production of
CO, CH4, and H2 were normalized with the amount of carbon entering the system (FC, inlet to the system),
which remained constant at 5.2*10−4 mol/min of C.

xCO =
FCO, ESR−reactor − FCO, cleanup−reactor

FCO, ESR−reactor
(1)

YCH4;CO2 =
FCH4;CO2, cleanup−reactor − FCH4;CO2, ESR−reactor

FC, inlet to the system
(2)

YH2 =
FH2, cleanup−reactor

FC, inlet to the system
(3)

3.5. Characterization Tests

The reducibility of supports and Au–Cu catalysts was determined by TPR. The experiments were
carried out in a ChemBET Pulsar unit (Quantachrome Instruments, Boynton Beach, FL, USA) equipped
with a TCD. Prior to the reduction, 0.07 ± 0.01 g of AC samples was pretreated with N2 (0.02 L /min) at
120 ◦C for 1 h and then cooled to room temperature. Subsequently, 5 % H2/N2 was passed, and the
temperature was increased to 700 ◦C (5 ◦C/min). The H2 uptake was calculated by integrating the
peaks associated with the reduction of active metals (i.e., Au and Cu). The apparent active metal
dispersion (H/M ratio) was also determined [53], assuming that the adsorption stoichiometry is one
hydrogen atom for one active metal atom (Au + Cu).

The surface area of the samples was determined by standard physisorption of N2 in a ChemBET
Pulsar unit (Quantachrome Instruments, Boynton Beach, FL, USA). For this, 0.06 ± 0.01 g of sample
was pretreated with N2 (0.02 L/min) at 100 ◦C for 1 h and then cooled to room temperature for 0.5 h.
Subsequently, the sample was immersed in a liquid N2 bath. The BET area was measured with a single
point, using 30% N2/He (0.02 L/min). The measurements were repeated until deviations lower than 5%
were obtained.

The OSC values of the samples were measured in a ChemBET Pulsar unit (Quantachrome
Instruments, Boynton Beach, FL, USA), according to the procedure described in [41]. Briefly,
0.06 ± 0.01 g of sample was degassed in Ar (0.02 L/min) at 300 ◦C for 1 h. OSC was measured
at 300 and 100 ◦C with independent samples. For this, 10 pulses of pure O2 (0.25 mL) were injected to
oxidize the sample, followed by a 20 min purge with Ar. Then, pulses of a 5 % CO/Ar mixture (0.25 mL)
were injected until a constant signal was obtained. The OSC value was calculated by the CO consumed
in the first pulse, and the OSCC value was determined by the total CO consumed.
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The weight loss, associated with the presence of impurities, moisture, and carbon deposition in
samples, was measured by TGA. The change in mass was determined using a thermogravimetric
analyzer (Mettler Toledo, Columbus, OH, USA). For this, 0.02 ± 0.01 g of sample was pretreated with
a N2 (0.1 L/min) at 100 ◦C for 1 h and then cooled to 40 ◦C for 0.5 h. Subsequently, the sample was
heated to 1000 ◦C (5 ◦C/min) in a dry air stream (0.1 L/min). Then, the rate of carbon formation was
calculated according to Equation (4).

Rate of carbon formation =
Weight loss in term o f C (mg)

mass o f catalyst (g) ∗ TGA test time (h)
(4)

The CO adsorption on supports and catalysts was studied by in situ DRIFTS in a Nicolet iS10
spectrum device (Thermo Scientific, Waltham, MA, USA) equipped with a diffuse reflection attachment
DRK-3 Praying Mantis (Harrick Scientific Products, New York, NY, USA). Spectra were taken between
400 and 4000 cm−1, with 64 scans per minute and a resolution of 4 cm−1. The sample holder was
sealed with an airtight hood with ZeSn windows. In addition, the airtight hood was isolated with
an Ar stream to avoid interference from the environment. Approximately 0.02 g of AC samples were
degassed in Ar (15 mL/min) at 50 ◦C for 30 min. Then, 10 pulses of 30 µL of CO, obtained from a
certified 5% CO/Ar mixture, were injected into the cell; between each pulse, Ar (15 mL/min) was passed
for 10 min.

Raw and processed Excel data for characterization tests can be downloaded from [72].

4. Conclusions

Several single and dual metal oxides were investigated as supports in a catalytic system based on
Au–Cu for the CO removal from an actual syngas. The use of a syngas obtained directly from the ESR
affects the effectiveness in the CO removal; specifically, a low H2/CO ratio could favor greater H2 loss.
AuCu/CeO2 was identified as the most active catalyst in the CO removal, but it also contributes to a
higher H2 consumption. H2 is lost mainly by the formation of water and CH4, where the occurrence of
CO2 methanation affected the CO removal differently. Over CeO2-Al2O3 and CeO2-SiO2, methanation
seems to improve CO removal because the CO-PROX product, CO2, is constantly consumed to produce
CH4. On the contrary, methanation has a negative effect on CeO2 and La2O3 because the formed CH4

favors carbon deposition.
Differences among the catalysts were evaluated by several characterization techniques. DRIFTS

spectra of CO adsorption showed that CeO2 has a superior activity because it favors the formation
of C–O* and OH− intermediates, but it promotes the formation of carbon deposits that lead to its
deactivation. Similarly, TPR showed that ZrO2 has a high interaction with active metals (Au–Cu),
which makes it active but less selective, favoring a high H2 oxidation. In addition, the low OSC
of Al2O3 and SiO2, and the lower surface area of Fe2O3 and La2O3 make these metal oxides less
active. Regarding dual supports, the inclusion of a second metal oxide weakens the interaction of
CeO2 with the active metals, reducing activity. However, dual metal oxides are more selective and
stable than single CeO2 because they mitigate the excess of C–O* species, as was observed by DRIFTS;
specifically, CeO2-SiO2 mitigates the formation of stable carbon deposits that deactivate the catalyst.
Thus, AuCu/CeO2 was identified as a promising catalyst for carrying out the CO removal from a
syngas using just one catalytic reactor, but improvements in CeO2 stability are still required. Therefore,
the use of dual supports (e.g., CeO2-SiO2) could be a strategy to overcome single CeO2 deficiencies.
Thus, the development of more compact systems for the purification of H2 suitable for FC implicitly
promotes greater H2 consumption. The results of this work aim to contribute to the development and
establishment of sustainable energies based on H2.
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Appendix A
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Figure A1. (a,b) CO2 and CH4 (c,d) production in the CO cleanup reactor with simple and dual
supports. Syngas composition: 8.4% H2, 2.2% CO, 0.6% CO2, 0.3% CH4, 1.6% H2O, and Ar. λ = 1.8.
Reaction conditions: SV = 6.5 ± 0.2 L/gcat*min; 0.050 g of catalyst and 0.250 g of inert quartz.
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Figure A2. (a,b) CO2 and CH4 (c,d) production in the CO cleanup reactor with Au–Cu catalysts
supported on simple and dual supports. Syngas composition: 8.4% H2, 2.2% CO, 0.6% CO2, 0.3% CH4,
1.6% H2O, and Ar. λ=1.8. Reaction conditions: SV = 6.5 ± 0.2 L/gcat*min; 0.050 g of catalyst and 0.250 g
of inert quartz.

 

 

μ μ
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Figure A3. H2-TPR profiles of bare supports evaluated in the CO removal from an actual syngas.
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Appendix B

Table A1. Surface area, OSC, OSCC, and thermogravimetric analysis (TGA) results of single and
dual supports.

Support
BET Surface Area (m2/gcat) OSC in Fresh Samples at

300 ◦C (µmol O2/gcat)

OSCC in Fresh Samples at
300 ◦C (µmol O2/gcat)

Weight Loss (%)

Fresh Used Fresh Used

CeO2 52.4 55.4 61 135 1.1 0.6
SiO2 466.5 410.6 41 49 1.4 1.1
ZrO2 51.6 44.9 55 99 1.6 0.6
Al2O3 96 68.6 36 55 1.7 0.2
La2O3 14.1 15.3 21 68 5.5 2.1
Fe2O3 38.1 36.7 5 16 0.7 0.8

CeO2-SiO2 163.2 155.2 54 105 −2.7 1.8
CeO2-ZrO2 44.3 40.5 46 110 0.2 2.0
CeO2-Al2O3 72.7 69.1 41 120 2.0 1.0

Table A2. Reviewed articles for the selection of supports evaluated in the CO removal.

Date Active Metals Metal Oxide I Metal Oxide II Journal Digital Object Identifier (DOI)

2012 CuO Fe2O3 - Chemical Engineering Journal 10.1016/j.cej.2012.01.017
2012 Pt Other - Electrochimica Acta 10.1016/j.electacta.2012.04.150
2012 - Fe2O3 - Applied Surface Science 10.1016/j.apsusc.2011.10.092

2012 - NiO2 - Journal of Molecular Catalysis
A: Chemical 10.1016/j.molcata.2012.05.001

2013 Ni, Co Co3O4 - Journal of Alloys and Compounds 10.1016/j.jallcom.2013.04.053
2013 CuO TiO2 Al2O3 Surface and Coatings Technology 10.1016/j.surfcoat.2012.10.031
2013 Co Fe2O3 - Chemical Engineering Journal 10.1016/j.ces.2013.02.002

2014 Co MgO - Process Safety and
Environmental Protection 10.1016/j.psep.2013.12.003

2014 Pt CeO2 - Chemical Engineering Journal 10.1016/j.cej.2014.06.058
2014 Pd Fe2O3 - Journal of Catalysis 10.1016/j.jcat.2014.06.019
2014 Ag Zeolite - Fuel 10.1016/j.fuel.2014.07.011
2014 Au NiO2 - Applied Catalysis A: General 10.1016/j.apcata.2014.02.003

2014 CuO SiO2 CeO2
Journal of Environmental

Chemical Engineering 10.1016/j.jece.2014.03.021

2015 Co, Fe, Cr CeO2 - International Journal of Hydrogen Energy 10.1016/j.ijhydene.2015.03.044
2015 - Co3O4 - Applied Catalysis A: General 10.1016/j.apcata.2014.10.024
2015 CuO Fe2O3 - Chinese Journal of Catalysis 10.1016/S1872-2067(15)60922-6
2015 Au Zeolite - Catalysis Communications 10.1016/j.catcom.2015.06.018
2015 Pt CeO2 - Catalysis Today 10.1016/j.cattod.2014.12.038
2015 Au, Cu CeO2 ZrO2 Catalysis Today 10.1016/j.cattod.2014.08.035
2015 - PtO2 - Applied Surface Science 10.1016/j.apsusc.2015.03.108

2015 CuO CeO2 ZrO2
Journal of Industrial and
Engineering Chemistry 10.1016/j.jiec.2015.06.038

2015 - MnO2 CeO2 Applied Catalysis B: Environmental 10.1016/j.apcatb.2014.06.038

2016 Pd Fe2O3 - Journal of Environmental
Chemical Engineering 10.1016/j.jece.2016.10.019

2016 - CeO2 ZrO2 Applied Catalysis B: Environmental 10.1016/j.apcatb.2016.02.023
2016 Au Zn2SnO4 - Chinese Journal of Catalysis 10.1016/S1872-2067(16)62468-3
2016 - Co3O4 - Catalysis Communications 10.1016/j.catcom.2016.08.020
2016 Au CeO2 - Applied Catalysis B: Environmental 10.1016/j.apcatb.2016.02.025

2016 Pd CeO2 - Journal of Molecular Catalysis
A: Chemical 10.1016/j.molcata.2016.08.035

2016 - SiO2 Al2O3
Journal of Molecular Graphics and

Modelling 10.1016/j.jmgm.2016.08.005

2016 Ag SiO2 - Catalysis Today 10.1016/j.cattod.2016.05.033
2016 - PdO - Surface Science 10.1016/j.susc.2015.08.043
2016 - Co3O4 - Applied Catalysis A: General 10.1016/j.apcata.2016.03.027
2016 CuO TiO2 - Catalysis Communications 10.1016/j.catcom.2016.02.001
2016 Pt CeO2 - Applied Catalysis B: Environmental 10.1016/j.apcatb.2016.01.056

2016 CuO MnO2 - Journal of Molecular Catalysis
A: Chemical 10.1016/j.molcata.2016.08.024

2016 CuO Peroskita - Applied Clay Science 10.1016/j.clay.2015.08.034
2016 Pd ZnO - Catalysis Today 10.1016/j.cattod.2015.05.021
2016 - Fe2O3 - Chemical Engineering Journal 10.1016/j.cej.2016.04.136
2016 Au TiO2 - Catalysis Today 10.1016/j.cattod.2015.09.040
2016 Au Fe2O3 CeO2 Catalysis Today 10.1016/j.cattod.2016.05.059
2016 - Co3O4 - Materials Letters 10.1016/j.matlet.2016.06.108
2016 - Co3O4 - Chinese Journal of Catalysis 10.1016/S1872-2067(15)60969-X
2016 Au TiO2 - Applied Surface Science 10.1016/j.apsusc.2016.01.285

2016 - Fe2O3 - Journal of Molecular Catalysis
A: Chemical 10.1016/j.molcata.2016.01.003

2016 Au Other - Journal of Colloid and Interface Science 10.1016/j.jcis.2016.06.072

2016 Au LaPO4 - Journal of the Taiwan Institute of
Chemical Engineers 10.1016/j.jtice.2016.01.016

2016 Pt Al2O3 - International Journal of Hydrogen Energy 10.1016/j.ijhydene.2016.08.170
2016 Pt Other - Surface Science 10.1016/j.susc.2015.08.024
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Table A2. Cont.

Date Active Metals Metal Oxide I Metal Oxide II Journal Digital Object Identifier (DOI)

2017 CuO Nb2O5 - Catalysis Communications 10.1016/j.catcom.2017.04.008
2017 Zn, Pt CeO2 - Applied Catalysis B: Environmental 10.1016/j.apcatb.2017.04.044
2017 Pt, Fe Fe2O3 Co3O4 Chinese Journal of Catalysis 10.1016/S1872-2067(17)62838-9
2017 CuO MnO2 CeO2 Catalysis Communications 10.1016/j.catcom.2017.05.016
2017 Pt MnO2 - Journal of Electroanalytical Chemistry 10.1016/j.jelechem.2016.09.031
2017 Au LaPO4 - Chinese Journal of Chemical Engineering 10.1016/j.cjche.2017.08.008
2017 Fe, Mn CeO2 - Catalysis Today 10.1016/j.cattod.2016.11.046
2017 Mn Co3O4 - Solid State Sciences 10.1016/j.solidstatesciences.2017.07.006
2017 Mn Co3O4 - Fuel 10.1016/j.fuel.2017.04.140
2017 Au CeO2 - Applied Surface Science 10.1016/j.apsusc.2017.04.158
2017 - MgO - Applied Catalysis B: Environmental 10.1016/j.apcatb.2016.11.043
2017 CuO CeO2 Zeolite Microporous and Mesoporous Materials 10.1016/j.micromeso.2017.02.016
2017 - Zeolite - Applied Catalysis B: Environmental 10.1016/j.apcatb.2017.06.083
2017 Co ZnO - Ceramics International 10.1016/j.ceramint.2017.06.157
2017 Pd TiO2 SnO2 Applied Catalysis B: Environmental 10.1016/j.apcatb.2017.02.017
2017 Pd Fe2O3 - Fuel Processing Technology 10.1016/j.fuproc.2017.02.037
2017 CuO CeO2 - Journal of Power Sources 10.1016/j.jpowsour.2017.01.127
2017 Mn CeO2 - Applied Catalysis B: Environmental 10.1016/j.apcatb.2017.03.049
2017 Co Co3O4 - Chemical Physics Letters 10.1016/j.cplett.2017.02.085
2017 Au TiO2 - Catalysis Today 10.1016/j.cattod.2016.05.056
2017 CuO CeO2 - International Journal of Hydrogen Energy 10.1016/j.ijhydene.2017.02.088
2017 CuO CeO2 - Journal of Rare Earths 10.1016/j.jre.2017.05.015
2017 Pd Al2O3 - Applied Catalysis B: Environmental 10.1016/j.apcatb.2017.02.038
2017 Pt TiO2 - Molecular Catalysis 10.1016/j.mcat.2017.01.014
2017 - CeO2 Other Catalysis Today 10.1016/j.cattod.2017.06.017
2017 - Al2O3 SnO2 Applied Surface Science 10.1016/j.apsusc.2017.01.058
2017 Ag Zeolite - Fuel 10.1016/j.fuel.2016.10.037
2017 Au TiO2 - Applied Surface Science 10.1016/j.apsusc.2016.10.076
2017 - Carbon - Molecular Catalysis 10.1016/j.molcata.2016.12.007
2017 Ag SiO2 - Microporous and Mesoporous Materials 10.1016/j.micromeso.2017.01.016
2017 Pd, Rh Al2O3 - Catalysis Today 10.1016/j.cattod.2016.10.010
2017 Au, Cu SiO2 - Catalysis Today 10.1016/j.cattod.2016.08.003
2017 Pd CeO2 MnO Applied Catalysis B: Environmental 10.1016/j.apcatb.2017.01.020
2017 - CeO2 - Catalysis Today 10.1016/j.cattod.2016.04.016
2017 Pd Co3O4 - Applied Catalysis A: General 10.1016/j.apcata.2016.12.021
2017 Pt CeO2 - Applied Catalysis A: General 10.1016/j.apcata.2017.08.012
2017 Mn Co3O4 - Solid State Sciences 10.1016/j.solidstatesciences.2017.07.006
2017 Ni ZrO2 - Applied Catalysis A: General 10.1016/j.apcata.2017.02.001
2018 - SiO2 Co3O4 Microporous and Mesoporous Materials 10.1016/j.micromeso.2017.07.016
2018 Pt Fe2O3 - Applied Catalysis A: General 10.1016/j.apcata.2018.09.014
2018 Pd SiO2 Al2O3 Applied Catalysis B: Environmental 10.1016/j.apcatb.2018.06.059
2018 Cu CeO2 - Catalysis Today 10.1016/j.cattod.2018.10.037
2018 Cu -Ni CeO2 Al2O3 International Journal of Hydrogen Energy 10.1016/j.ijhydene.2018.12.127
2018 Ru TiO2 ZrO2 International Journal of Hydrogen Energy 10.1016/j.ijhydene.2018.10.061
2018 Ni ZrO2 - International Journal of Hydrogen Energy 10.1016/j.ijhydene.2018.06.173
2018 - ZrO2 - Applied Catalysis B: Environmental 10.1016/j.apcatb.2018.03.001
2018 Ni ZrO2 - Applied Catalysis B: Environmental 10.1016/j.apcatb.2018.06.045
2019 Au TiO2 - International Journal of Hydrogen Energy 10.1016/j.ijhydene.2018.11.050
2019 Cu Co3O4 - Molecular Catalysis 10.1016/j.mcat.2019.01.020
2019 - Other - Applied Catalysis B: Environmental 10.1016/j.apcatb.2018.12.022
2019 Pt Zeolite - Applied Catalysis A: General 10.1016/j.apcata.2018.12.034
2019 Ni ZrO2 - Applied Catalysis B: Environmental 10.1016/j.apcatb.2018.11.024
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