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GRAPHICAL ABSTRACT

ABSTRACT

The aqueous phase reforming (APR) is a catalytic reaction able to produce hydrogen from
oxygenated compounds. The catalytic system plays a pivotal role to permit high conver-
sion of the substrate, high selectivity towards hydrogen, and stability in the view of an
industrial application. These figures of merit depend on several strategies taken by the
researchers to properly design the catalyst, like the preparation method, the choice of the
active metal together with possible promoters, the type of the support and so on. The
available literature reports several studies where these parameters are evaluated and
discussed. In this review, they were critically examined with the aim of finding correlations
between the properties of the catalyst and the activity, selectivity and stability for the APR
of carbon-laden water fractions. Both theoretical and experimental works have been
included in the literature survey. When available, studies with the use of in-situ techniques
allowed to increase the understanding of the catalytic phenomena involved in the reaction.
Great attention was also reported to recently published works, so that the review could
present the most up-to-date developments in the field. The most important outcomes
regarding each parameter have been highlighted; moreover, the synergy among each of
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them has been pointed out, together with the trade-off that the researcher has to deal with
in the pursuit of the optimum catalyst.
© 2021 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

The use of fossil fuels are considered the leading cause of
global warming. For this reason, alternative and sustainable
sources of energy are explored nowadays to overcome this
issue. The use of biomass to substitute fossil oil to produce
materials and energy brought to the development of the bio-
refinery concept. According to the International Energy
Agency (IEA) definition, it is intended as the integration of
different processes for the sustainable production of goods
starting from biomass [1]. One of the advantages of biorefinery
is the possibility of targeting small, decentralized plants; as a
matter of fact, several drawbacks have been raised for large-
scale implementation. One reason is due to the difficulty to
reach a complete and effective exploitation of the organic
content of the starting biomass. For example, in the biodiesel
industry, 1 kg of undesired crude glycerol is produced together
with 10 kg of the desired product, generating a considerable
amount of waste [2]. Similarly, pyrolysis and hydrothermal
liquefaction aim at producing a biofuel (namely bio-oil or bio-
crude) [3], but a significant fraction of the carbon present in
the feed is lost in the aqueous stream [4].

Aqueous phase reforming (APR) process was proposed by
Dumesic and coworkers to valorize oxygenated molecules and
obtain a gas mixture rich in hydrogen [5]. It derives that it can
be applied to carbon-laden wastewaters present in bio- and
conventional refineries to increase the conversion efficiency
of the plant, reducing the amount of waste that should be
treated, and obtaining at the same time a valuable product.
Most of the literature refers to the use of model compounds,
such as alcohols (methanol, ethanol), polyalcohols (ethylene
glycol, glycerol, xylitol, sorbitol) and represent a pillar of the
present review since it focuses mainly on the development of
the catalyst. Fewer works have been dedicated to complex
matrixes (glucose, xylose, woody biomass) [6,7]. Finally,
limited researches described the performance of multicom-
ponent mixtures, close to an industrial application (e.g.
wastewater from the brewery industry, food industry) [8—14].

Previous reviews on aqueous phase reforming focused
both on the influence of the reaction conditions and the cat-
alytic systems. Davda et al. reported in the first review the
fundamentals of their pioneering research [15]. Chen et al.
reported the different reaction mechanisms among the sub-
strates [16], while Coronado et al. summarized in their review
a large number of issues, helping to compare various param-
eters [17]. Vaidya et al. classified the available literature on the

base of the starting substrate [18]. Finally, very recently, El
Doukkali et al. reviewed the research of effective catalysts for
the valorization of glycerol through steam reforming, hydro-
genolysis and, indeed, APR [19].

Despite most of the works looked at the development of an
effective catalyst, this subject has not been comprehensively
reviewed so far in the APR field. For this reason, the present
work aims to review the actual knowledge on the design of
catalytic systems for the valorization of biomass-derived
compounds via APR.

Chapter 2 deals with a brief introduction to the process to
show its possible applications and advantages. Thermody-
namic and kinetic considerations are reported, with a partic-
ular focus to the latter, since its knowledge constitutes the
basis for the rational design of the catalyst.

The core of the work is based on the effect of different
parameters on the performance of the process. The scientific
contributions were extensively reviewed, starting from the
pioneering works of the Dumesic's research groups up to the
most recently published ones.

Chapter 3 outlines the influence of the active site, both in
monometallic and bimetallic systems, with specific attention
to Pt-based bimetallic systems; moreover, structure sensi-
tivity effects are discussed. Chapter 4 describes the impact of
the support's choice on the APR performance. Chapter 5 deals
with the effect of the preparation method as a key step for
determining the properties of the catalyst and, in turn, the
yield of the desired product. The open questions and chal-
lenges related to catalytic and technological subjects are dis-
cussed in Chapter 6.

The research papers have been classified in the corre-
sponding chapter according to the main aim of the study,
although defining proper boundaries is not trivial. For
example, bimetallic catalysts can alter both electronic prop-
erties (modifying the bond strength of reactants, in-
termediates and products) and structural properties
(modifying the dispersion and, consequently, the number of
available sites).

Throughout the review, specific attention is put to the use
of density functional theory (DFT), microkinetic modelling or
in situ techniques to get information for the design of new
catalysts. In fact, since the catalyst structure can be modified
by the environment during the reaction itself, in situ charac-
terizations can inspect connections between the catalyst
structure and its performance. In conclusion, the primary
outcomes are summarized and integrated to have some final
messages for the design of an active, selective, and stable APR
catalyst.

Fundamentals of aqueous phase reforming

The aqueous phase reforming is a process carried out at mild
temperatures (220—270 °C) and pressures (30—60 bar), in the
presence of a catalyst [15]. In these conditions, the aqueous
solution remains in the liquid phase, leading to an energetic
advantage thanks to the avoided vaporization. This is one of
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the potential benefits of APR compared to the conventional
steam reforming process, that is performed typically at about
800 °C. The reaction stoichiometry is reported in equation (1).

C"szon < nCo + sz (1)

In Fig. 1, the influence of temperature on the Gibbs free
energy for the reforming of alkanes and alcohols is reported. It
can be observed that oxygenated hydrocarbons have a more
favorable equilibrium, i.e., the hydrogen production can occur
at lower temperatures than if obtained from alkanes.

In the same temperature range, the water gas shift (WGS)
reaction is favored as well (equation (2)).

CO +H,0+CO, + H, )

This occurrence allows to generate in one reactor a gas
mixture where CO is present in negligible percentage, making
the gas stream a compatible feed for low temperature proton
exchange membrane fuel cells (PEMFCs); contrarily, in the
steam reforming plant, a double configuration with high- and
low-temperature water gas shift reactors is necessary to
maximize the hydrogen yield.

Combining equations (1) and (2) we can derive the con-
ventional reaction stoichiometry for APR (equation (3))

CnH2, Oy +nH,0 < nCO; + (y +n)H, (3)

Itis important to recall here that, despite the advantageous
thermodynamics for hydrogen production, another reaction
involving hydrogen consumption is more favored: the
methanation reaction (equation (4)).

The APR mechanism is constituted by different steps, in
which the interactions of the molecule with the active site, the
support and their interface play a fundamental role to deter-
mine the product distribution. Knowing the possible steps
involving the reacting molecule is essential to properly design
the catalyst, tuning its structural, morphological, and textural
properties to favor one pathway rather than the other. The
possible reaction mechanism of glycerol APR is described in
Fig. 2. As will be reported in the next paragraphs, glycerol was
chosen as model compound for several works, due to the
importance of its valorization for the biodiesel value chain.

The substrate can undergo dehydration (a) with the acid
sites of the support, leading to hydroxyacetone, which can be
subsequently hydrogenated (b) to propylene glycol. This route
is undesired because hydrogen is consumed.

If the molecule interacts with the metal active site, it is
generally agreed that the dehydrogenation (c) of the molecule
is the first step (glyceraldehyde intermediate). Afterwards, it
can follow two routes. C—O bond breaking (d) can occur,
leading to the formation of alkanes. In this case, since the C—H
activation of alkanes is thermodynamically hindered at
typical APR temperatures, their hydrogen content cannot be
exploited. On the other hand, C—C bond breaking (e) can lead
to the formation of carbon monoxide. This intermediate,
while adsorbed on the active site, may interact with water
that, once catalytically activated (i.e., H,O — OH + H), pro-
duces hydrogen and carbon dioxide via WGS (f). Another
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Fig. 1 — Gibbs free energy for vapor-phase reforming of
small alkanes and alcohols, water gas shift, and vapor
pressure of alcohols in dotted lines (from Ref. [15]).

detrimental route is that CO undergoes methanation (or
Fischer-Tropsch reaction), consuming hydrogen (g).

Taking into consideration the reported possible reaction
pathways, some key points should be considered by the
catalyst designer to maximize the hydrogen production:

e Dehydrogenation, C—C bond breaking, H,0O activation, and
water gas shift reaction should be favored;

e C—O bond breaking, methanation/Fischer-Tropsch and
dehydration should be avoided.

As graphically reported in Fig. 3, preparing the catalyst
involves three main choices regarding the preparation, the
metal and the support. In the next chapters, the available
literature will be presented with the aim of systematically
pointing out how each of these choices can be beneficial or
detrimental to the activation of each of the reported steps, i.e.,
favor C—C bond breaking more than C—O breaking, or activate
water dissociation without worsening the support stability.
APR is strongly sensitive to the reaction conditions, such as
nature and concentration of the feed, reaction temperature
and pressure, catalyst amount, reactor configuration. It de-
rives that fair comparisons of results between different works
are difficult and will be limited in this review.

Effect of the metal

In the present chapter, the effect of the active metal is re-
ported. At the beginning, a comparison between mono-
metallic systems is performed, both using first-principles and
experimental methods. Afterwards, the synergy of bimetallic
catalysts is reported, with a higher attention to Pt-based and
Ni-based formulations. Specific paragraphs are dedicated to
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Fig. 2 — Reaction mechanism for glycerol aqueous phase reforming.

systems considered particularly interesting both for the ob-
tained results and for the extent of characterization (i.e.,
Pt—Mo, Pt—Co, Pt—Ni, Pt—Re, Ni—Cu). Finally, the influence of
the particle size is discussed.

Monometallic systems

Platinum is the most studied metal for aqueous phase
reforming since it combines high activity and moderate
selectivity. These results have been primarily explained by
several DFT investigations. Davda et al. studied the C—C and
C—0 bond cleavages of ethanol by DFT on Pt [20]. Firstly, the
authors reported that Pt—C bonds are more stable than Pt—O
bonds examining the stability of different isomeric species.
Secondly, they suggested that the C—C bond cleavage should
be faster than the C—O bond cleavage because the energy for
the transition state of the former is one order of magnitude
lower than the latter (4 vs 42 kJ/mol) [21]. It follows that,
recalling Fig. 2, path e) is more favored than path d).

In Fig. 4 the possible steps involved in ethanol reforming on
Pt are depicted [22]. After being adsorbed on the active site,
ethanol can follow two routes for the first dehydrogenation

N

Precursor
Deposition/Impregnation
Calcination
Reduction

Noble metals
Non-noble metals
Alloys and/or bimetallic

Preparation

Reducible oxides
Non-reducible oxides
Mesoporous

Activity
Catalyst

Selectivity Stability

Fig. 3 — Design funnel of heterogeneous catalyst.

according to which H is abstracted (ethoxy CH;CH,O or 1-
hydroxyethyl CH;CHOH); in the second step, this intermedi-
ate is dehydrogenated in acetaldehyde. Thereafter, the
adsorbed acetaldehyde further dehydrogenates into acetyl
(CH3CO), ketene (CH,CO) and ketenyl (CHCO) (please note that
only the most plausible species were reported here among the
possible pathways). It is just the ketenyl species that finally is
subjected to C—C bond breaking to CO and methylidyne
(experimentally confirmed). This outcome has been compared
in a proper work in which DFT, microkinetic investigation and
experiments have been combined [23]. The authors observed
that the level of hydrogenation of the intermediates influ-
enced the C—C or C—O cleavage barriers because of geometric
and electronic effects. In this sense, more dehydrogenated
species facilitated C—C bond breaking having the C—C bond
parallel to the surface. The microkinetic model also high-
lighted that the formation of 1-hydroxyethyl via « C—H scis-
sion (CH3CHOH) is predominant compared to CH3CH,O after
first ethanol dehydrogenation (bold arrows in the corre-
sponding figure). Further theoretical works on platinum with
different substrates were reported in Refs. [24—26], attaining
analogous conclusions.

On ruthenium, the activation energy for C—C bond cleav-
age is lower than on platinum, being 38 kJ/mol when the
surface CH,CO species is formed (while it is 90.24 k]/mol on Pt
after CHCO), so it is more sensitive to the first dehydrogena-
tion steps [27]. However, it is far more active towards
methanation than Pt, decreasing the hydrogen selectivity [28].

The decomposition of glycerol has been explored also on
Pd, Rh, Cu, Ni, focusing on dehydrogenation, C—C and C-O
cleavage [29]. Glycerol binds similarly on Pt, Pd, Rh, Cu,
through the hydroxyl groups. The four possible mono-
dehydrogenated species are reported, derived from C—H or
O—H cleavage of the terminal or central carbon. Furthermore,
the binding energies related to more dehydrogenated in-
termediates and C—O cleavage are reported as well. In agree-
ment with previous studies, it has been reported that C—C
breaking is favorable on Pt after several dehydrogenation
steps, and it is more facile than C—O breaking. Despite the
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Fig. 4 — Most plausible decomposition pathway of ethanol on Pt (111). Adapted with permission from Ref. [23]. Copyright

2013 American Chemical Society.

simplification of the models, the results were coherent with
the experimental outcome. The pathway is similar on Pd, i.e.,
dehydrogenation up to C3HsOs is necessary and C—C is more
favorable, but the lowest C—C scission transition state energy
is higher than on Pt, suggesting that Pt is more active. Despite
dehydrogenation is always necessary, the situation is
different on Rh and Ni, where the energies between C—C and
C—0 are more comparable. Moreover, the transition states are
quite low in terms of activation energy, explaining the
experimentally known high activity of Ni despite its low
selectivity. Finally, on Cu the transition states show a quite
high activation energy, highlighting the low Cu activity. It is
worthy to point out that the model was further implemented
considering the presence of adsorbed CO. Higher coverage of
CO increased the free energy for glycerol dehydrogenation,
emphasizing the pivotal role of the water gas shift reaction in
the process to reduce the concentration of adsorbed CO.

Davda et al. initially experimentally investigated Pt, Ni, Ru,
Rh, Pd and Ir supported on silica for ethylene glycol APR [30]. In
their kinetic study, the authors reported the promising ability
of Pt to produce hydrogen, while Pd showed low activity and
the highest selectivity (Fig. 5). Looking at non-noble metals, Ni
was comparable to Pd, but suffered from low selectivity
(alkane production) and it was more prone to deactivation.
The use of a cheap material, such as Ni, would increase the
cost-effectiveness of the process. However, its low stability
and H, TOF (ten-fold lower than platinum) would impede its
utilization in a larger scale context.

Bimetallic systems: a short introduction

It has been largely reported that bimetallic catalysts perform
better than monometallic in many different fields, and APR is
part of this family [31]. Before entering in the core of the
paragraph, it is worthy to cite the first outcomes derived from
the works carried out in the Dumesic's research group.
Huber et al. used a high-throughput system to study
several catalyst formulations for ethylene glycol APR [32].
They found that Sn addition to Raney Ni catalyst greatly
improved its performance. Sn was mainly present at Ni
defect-sites and as an alloy (e.g. Ni3Sn), without affecting the
Ni particle size. In this way, Sn hindered the CO methanation
that, over Ni catalysts, preferentially occurs in the defects.
This outcome was further explored in successive works. The
addition of Sn, Au or Zn to Ni/alumina catalyst promoted the
hydrogen selectivity, with Sn being the best promoter [33].
Being alumina not stable, Sn was added to Raney-Ni catalysts.
With only 400:1 Ni:Sn atomic ratio, the methane production
was halved, and eliminated at 18:1. The modified catalyst

deactivated in the first 48 h by sintering, and afterwards by re-
oxidation of the active site because of the interaction with
water (no coke). Leaching of Ni was explained by formation of
organometallic species after interaction of the catalyst with
the feed. This phenomenon was reduced as well thanks to Sn
addition. Finally, since Pt and Pd showed the best perfor-
mance in monometallic systems, more than 130 Pt and Pd
bimetallic catalysts based on these noble metals were
screened using APR of ethylene glycol as probe reaction [34].
Four bimetallic catalysts were particularly interesting for their
results: Pt—Ni, Pt—Co, Pt—Fe and Pd—Fe. The authors reported
that alloying Pt with Ni, Co and Fe led to an electronic modi-
fication of Pt which caused the decrease in the binding energy
(BE) of hydrogen and carbon monoxide and the increase in the
dissociative adsorption energy of hydrogen. On the other
hand, Fe addition in Pd-based catalyst promoted the WGS,
which is considered the rate determining step on mono-
metallic Pd.

The next paragraphs report the outcome of several bime-
tallic systems, including the motivation that the authors
proposed to explain the structure-activity relationship. The
huge amount of information required a strong effort to
rationalize and understand how to present it. They were not
reported chronologically; rather, it was in the aim of the au-
thors give a progressive insight into the phenomena, collect-
ing different researches on similar systems to have common
outputs. The paragraphs are divided according to the main
actor of the system, e.g. platinum, nickel, etc., despite some of
them could have been reported in more than one paragraph

[ Ju,TOF

A H, selectivity
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Fig. 5 — APR of ethylene glycol. Reaction conditions: 225 °C/
22 bar, 10 wt% ethylene glycol solution, 0.06 mL/min (data
from Ref. [30]).
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(i-e., the description of Pt—Ni could have been stated in the Pt
or Ni section). Finally, ad hoc sub-paragraphs were dedicated
to the most interesting Pt-based (Pt—Co, Pt—Mo, Pt—Ni, Pt—Re)
and Ni-based (Ni—Cu) systems in order to go deeper with their
comprehension. If not clearly stated, glycerol is considered as
the feedstock.

Pt-based catalysts

Godina et al. investigated the APR of xylitol over mono and
bimetallic catalysts [35]. Among the platinum-based bime-
tallic catalysts, Pt—Re showed the highest conversion at each
weight hourly space velocity (WHSV) investigated (Fig. 6-A).
This outcome was related to the higher water gas shift, pro-
moted by Re. Low amount of erythritol was found in the liquid
phase, suggesting that C—O cleavage was favored over C—C. Pt
led mainly to propane, being active for C—C, while Pt—Re
mostly led to butane and propane. Overall, because of the
lower hydrogen selectivity of the bimetallic system than the
monometallic one, the hydrogen turnover frequency of the
former was lower than the latter (about 23 min~' vs 26 min?,
at WHSV 9.5 h™%).

Larimi et al. investigated different promoters (Rh, Cr, Re,
Pd, Ru, Ir) for Pt-based catalysts supported on y-alumina [36].
As reported in Fig. 6-B, while the conversion was approxi-
mately constant (about 82%), the hydrogen selectivity was
minimum for monometallic Pt (69.9%) and maximum for
Pt—Rh (89%). The variation of the lattice constant proved the
formation of a solid solution. It was suggested that Rh helped
the WGS, at the same time increasing the mobility and reac-
tivity of surface oxygen atoms. The benefic addition of Rh was
also reported in Ref. [37], where the use of MgO-supported
nano-sheet catalysts allowed stability during 100 h TOS
(time on stream), overcoming the limitations reported by
Ref. [38].

The addition of Rh can have different effects on different
supports. When added to Pt/z-alumina, both the hydrogen
yield and the stability increased, by preventing coke formation
favoring methanation [39]. On the other hand, Pt/y-alumina's
performance was negatively influenced by Rh, with a slight
decrease of the hydrogen yield and catalyst life span (46.3 h vs.
51.6 h).

Guo et al. investigated the APR of glycerol on different Pt-
based bimetallic catalysts [40]. The alloys were pre-
synthesized and successively loaded on the support (y-
Al,03) to exclude the influence of the particle size. Among the
promoters (Ni, Co, Fe, Cu), Fe showed the highest carbon
conversion to gas and hydrogen yield, with 1:1 considered as
optimal atomic ratio. Water gas shift tests showed consistent
results with the APR tests. The coherent results between APR
and WGS confirmed that the latter has a strong influence on
the overall result. To further investigate this aspect, in situ
diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) was utilized. It was showed that formate desorption
is not easy on Pt/alumina, while it was easier for the Pt—Fe
system. It was suggested that Fe promoted the water activa-
tion producing OH groups that can react with the proximate
CO adsorbate on Pt. This is the reason why 1:1 atomic ratio led
to the best results, because it is the one which presented the
highest proximity between the two metals. Moreover, it

favored the formate decomposition that causes otherwise the
sites blocking. Further works on Pt—Fe bimetallic systems
were reported in Refs. [41,42]. Moreover, further DRIFTS
spectra showed new CO adsorption sites on Fe in Ref. [43].

Dosso et al. studied bimetallic Pt based catalysts promoted
with Ni or Co for APR of polyols derived from glucose degra-
dation [44]. Pt and Ni are completely miscible, and this
occurrence affected the electronic properties of Pt reducing
the binding of adsorbate. This is in agreement with the results
reported in Ref. [34]. X-ray photoelectron spectroscopy (XPS)
showed that Pt was mainly in the oxidized state (Fig. 7-A),
likely because of the donation of electrons. The interaction of
Pt with Co and Ni was suggested by the presence of a broad
peak of reduction in the H,-TPR, as depicted in Fig. 7-B. Pt—Ni
showed higher yield than Pt—Co. No direct comparison with
the monometallic could be performed as the authors used also
different preparation techniques, namely urea matrix com-
bustion method (UCM) and incipient wetness impregnation
(TW1I). Being Ni not active for water gas shift, a high selectivity
to CO was observed (almost 20-fold the one of Pt—Co). The
authors finally highlighted the higher presence of coke on
Pt—Ni compared to Pt—Co, not directly explained by its limited
higher activity.

Pendem et al. studied the effect of potassium promotion on
Pt/Hydrotalcite catalysts for APR of glycerol [45]. Despite po-
tassium addition decreased the surface area, it contributed to
the increase of the surface basicity (measured by CO,-TPD)
and stabilizing the Pt precursor, increasing the final dispersion
of the active site. Adding 2.8% of K increased the glycerol
conversion from 27 to 88%. Further addition up to 16.9% K
decreased the activity likely for the covering of Pt particles
(67% conversion). However, increasing the loading up to 28%
changed the morphology improving further the dispersion
and allowing to reach 83% conversion. Moreover, the increase
of basicity caused an increase in the H, selectivity. Finally, the
catalyst showed stable performance after four runs, without
appreciable leaching of both Pt and K. The effect of a second
metal in modifying the acid-base properties of the catalyst
was also reported in Ref. [46] for Mn. The results were com-
parable with [47] in the case of ethylene glycol APR, despite no
leaching was observed in this case.

Another way to improve the APR performance was reported
adding Ru to Pt-based catalysts on carbon supports prepared by
impregnation [48]. In the APR of wheat straw hydrolysate,
Pt—Ru/Multi walled carbon nanotubes (MWCNT) showed the
highest activity and hydrogen selectivity. It was attributed to
the electron donor effect of Ru that increased the Pt electron
density, filling its d-band and reducing the strength of
adsorption of organics. The proximity of Ru and Pt clusters was
the key to enhance the catalysis. In fact, the same did not
happen using a different support, activated carbon. In this case,
the catalyst was constituted by unpaired Pt and Ru atoms,
which consequently were unable to express their synergy.

Despite not performed in the context of APR, it is inter-
esting to cite here that the addition of Ru improved also the
sulfur tolerance of Pt monometallic [49]. The authors exploited
the sulfur spillover concept, due to the higher resistance of
ruthenium, and the hydrogen spillover that can regenerate
the catalyst. Extended X-ray absorption fine structure (EXAFS)
determination of the coordination number showed the
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presence of an alloy at the three investigated ratios (Fig. 8 -
step 1). Sulfur species may interact with platinum (step 2) and
then move to Ru by spillover (step 3), or directly interact with
the latter (step 4). The authors reported that sulfur poisoning
caused dealloying; afterwards, hydrogen spillover (step 5)
could allow the removal of sulfur. Indeed, the regenerated
sample showed similar spectra than the fresh one, through a
re-alloying mechanism. In this sense, the atomic balance be-
tween the two metals is fundamental to favor both the sulfur-
trap capacity (given by Ru) and the spillover at proximity.
The last example reported in the paragraph regards the use
of Zn as promoter. Lei et al. used atomic layer deposition to
modify Pt/alumina catalysts by ZnO promotion [50]. A higher
hydrogen production was obtained when Pt was deposited
before than Zn. This is because it took advantage of the two
interfaces Pt—ZnO and Pt—Al,05. Thanks to X-ray absorption
near edge structure (XANES) spectroscopy, the authors

suggested that the significant charge transfer from Zn to Pt
promoted the H, selectivity. Moreover, the bimetallic system
showed only limited sintering (the particle size increased
from 0.9 nm to 1.2 nm), contrarily to the monometallic cata-
lyst (from 1.0 nm to 2.4 nm).

Table 1 summarizes the effects of the cited promoters on
the performance of APR when added to Pt-based catalysts. It
can be observed that the positive impact is commonly asso-
ciated to the promotion of water gas shift, which can be ob-
tained by different paths (increase of surface basicity, water
activation, easier intermediates desorption). One typical
drawback is that the increase of the conversion is (partially)
counterbalanced by the decrease of the hydrogen selectivity,
since methanation is promoted as well. It is important to
observe that in some cases different results were obtained,
despite similar catalytic systems and analogous substrates
were used, such in the case of Pt—Rh on gamma alumina


https://pubs.acs.org/doi/10.1021/acs.iecr.7b04937
https://doi.org/10.1016/j.ijhydene.2021.09.206
https://doi.org/10.1016/j.ijhydene.2021.09.206

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 47 ( 2022 ) I5I—I 80 :l E;S;

([37,39]), or for Pt-Mn ([46,47]). On the other hand, similar re-
sults were obtained also with different substrates such as
ethylene glycol or glycerol for Pt-Fe ([34,40]), or three different
polyols in the case of Pt-Co ([44]).

Platinum—molybdenum

Dietrich et al. studied a Pt—Mo bimetallic catalyst supported
on carbon prepared by IWI [51]. Transmission electron mi-
croscopy (TEM) showed that the bimetallic nanoparticles
sintered during glycerol reforming, with the average size
moving from 2 nm to 5.1 nm. X-ray absorption spectroscopy
(XAS) showed that the Pt—Mo nanoparticles are metallic Pt-
rich with the presence of Mo in different states (metallic
when close to Pt, oxide when in isolated clusters, as reported
in Fig. 9-A). Even more interesting, operando XAS was carried
out to evaluate if the state of the catalyst changes during the
reaction. It was reported that Pt remained in the metallic state
and its coordination number increased, coherently with the
results reported by TEM. Overall, the basic structure remained
the same, with a Pt-rich core and Mo in the near surface region
of the nanoparticle. This is coherent with DFT calculations
which predicts an analogous core-shell composition when
starting from metallic Pt and MoO precursors.

The comparison with monometallics and the extensive
study on the role of Mo using operando spectroscopy and DFT
was performed in a following work [52]. The authors reported
that Pt was the real active site, while Mo acted as a promoter
modifying the electronic properties of Pt and its interaction
with the adsorbed molecules. DFT calculations showed that
Mo decreased the Pt—CO binding energy; as a matter of fact,
XANES showed that CO was the most abundant surface spe-
cies in the case of Pt/C (about 0.6 fractional coverage), while it
was under the detection limit for Pt—Mo/C. At the same time,
it reduced the kinetic barrier for dehydrogenation and even
more for C—O bond cleavage, leading globally to a reduction of
the H, selectivity (Fig. 9-B). Further DFT investigations in
agreement with the ones reported here can be found in
Ref. [53], where the role of Mo oxide is highlighted regarding
the change of WGS mechanism and the bifunctionality of the
catalytic system is suggested.

Platinum—cobalt
The promotion of Co was studied on Pt supported on MWCNT
by IWI [54]. Co raised by 4.6 times the glycerol activity

e

Fig. 8 — Scheme of the in-situ catalyst self-regeneration
with thiophene as model compound. Modified from
Ref. [49].

normalized per Pt surface. The improvement was ascribed to
the WGS promotion, so by removing the strong CO adsorbed on
the Pt site facilitating the water activation. The hydrogen
selectivity slightly increased compared to the monometallic Pt,
in the whole range of glycerol conversion (Fig. 10-A). Pt—Co and
Pt showed an increase of the particle size from 1 nm to 2 nm
(more than one-week test), indicating a good stability of the
catalytic system. Pt—Co particles were found in three different
configurations: Pt clusters (59%), Co core — Pt shell (30%) and
Pt—Co alloy (11%). Therefore, despite only 40% of the particles
was in the bimetallic form, still the performance improved. The
high presence of Pt on the surface, contrarily to the case of the
Pt—Mo where it was in the core, may explain the maintenance
of high hydrogen selectivity. XANES outcome reported a
downward shift in the d-band center compared to the mono-
metallic Pt, which is related to a lower binding energy of CO.

The same research group further evaluated the effect of Co
addition to Pt-based catalysts performing operando X-ray
absorption spectroscopy (XAS) investigation [55]. Adding Co
increased the site time yield up to four-fold when the catalyst
composition was 1Pt5Co (i.e., 1:5 Pt-to-Co molar ratio). Please
note that monometallic Co showed negligible activity. The
comparison between fresh and operando structures of the
catalyst exhibited modification because of the hydrothermal
environment, despite preserving the bimetallic configuration.
The formation of an alloy was considered the reason for the
improvement in the performance, rather than the nature of
the particles (e.g. Pt shell/Co core). Being maintained the
selectivity, the authors suggested that the role of Co was to
exalt the Pt properties, at the same time reducing the CO
binding energy and improving the WGS.

Previously Wang et al. investigated by XAS Pt—Co nano-
alloyed particle systems supported on single wall carbon
nanotubes (SWCNT) [56]. XAS spectra showed a core (Co) and
shell (Pt—Co) structure, which greatly enhanced the activity
without decreasing the selectivity. The electron transfer from
Co to Pt may perturbate the latter, probably affecting the re-
action path.

Co promotion on Pt based catalysts was also studied on
Ce0,—Zr0O, mixed oxides supports for ethylene glycol APR [57].
As reported in Fig. 10-B, the optimal Co:Pt molar ratio in terms
of APR activity and WGS (CO conversion) was found equal to
0.5. The authors suggested that the oxophilic properties of
cobalt favored the WGS and penalized the formation of coke
(likely hindering acetic acid intermediate formation [58]).
Further increase of Co loading decreased the ethylene glycol
conversion. The interaction between the two metals was
investigated via TPR. Adding the promoter, the strong metal-
support interaction Pt—Ce0,ZrO, decreased. Other phenom-
ena such as the formation of surface defects and higher
dispersion of the bimetallic can contribute to the higher ac-
tivity. As a matter of fact, the activity trend followed the re-
sults of the CO chemisorption. The promoter helped also to
stabilize the platinum particles, which were less aggregated in
the bimetallic catalyst compared than the monometallic.

Platinum—nickel

Platinum and nickel are likely the most studied active metals
for APR, since they can be defined as representatives of two
classes. Platinum is the most effective monometallic catalyst,
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Table 1 — Summary of the influence of the promoters on Pt-based catalysts for APR.

Catalytic Main modifications caused by the promoter Major drawbacks and Reference
system unsolved issues
Pt—Rh Activity similar to the monometallic; improvement of H, selectivity thanks  Stability issues when crude [36]
to WGS promotion, increase of Pt reducibility and mobility/reactivity of glycerol was used
surface oxygen atoms
Higher glycerol conversion and selectivity than the monometallic thanks to [37]
higher oxygen mobility which enhanced WGS rate
Higher stability and activity by preventing coke formation (on a-alumina Lower selectivity due to [39]
support) methanation promotion; lower
activity (on y-Al,03)
Pt—Fe Higher conversion thanks to decrease of CO and H, interaction strength Lower selectivity than the [34]
with the surface increasing the availability of catalytic sites monometallic
Increase of the H, yield thanks to WGS promotion (easier formate [40—43]
desorption and water activation)
Pt—K Increase of conversion and selectivity thanks to increase of surface basicity ~ Excess of K (>28% loading) blocked [45]
and Pt dispersion Pt species reducing conversion and
H, selectivity
Pt—Mn Moderate increase of conversion and selectivity Strong Mn leaching under working [46]
conditions
Increase of conversion and selectivity thanks to alloy formation, increasing [47]
Pt reducibility and more favorable WGS
Pt—Ru Higher activity and hydrogen selectivity thanks to electron-donor effects [48]
which reduced the organics adsorption strengths (on MWCNT)
Higher sulfur stability thanks to spillover mechanisms Close Ru and Pt proximity is [49]
required (e.g. same lattice), as well
as reducing treatment to recreate
the alloy
Pt—Zn Increase of H, selectivity thanks to charge transfer from Zn to Pt; slighter [50]
sintering
Pt—Mo Higher H, TOF than monometallic thanks to decreased CO interaction Lower selectivity since C—O [52,53]
strength (increasing the availability of catalytic sites and promoting WGS)  cleaving activation energy is
and dehydrogenation activation energy lowered
Pt—Co Higher conversion thanks to decrease of CO and H; interaction strength [34]
with the surface increasing the availability of catalytic sites
Higher H, TOF than monometallic since Co alloying decreased CO and H, Higher coke formation than the [44]
interaction strength with the surface increasing the availability of catalytic = monometallic
sites; Lower methanation selectivity
Higher H, formation thanks to WGS promotion due to Pt—CO binding Only 40% of the particles in the [54,55]
energy reduction bimetallic form
Higher H, formation thanks to higher Pt dispersion and Pt electronic [56]
perturbation
Higher activity thanks to WGS promotion and higher dispersion [57]
Higher resistance to sintering and lower coke formation
Pt—Ni Higher conversion thanks to decrease of CO and H, interaction strength Higher alkane selectivity at higher [34]
with the surface increasing the availability of catalytic sites Ni loading
Higher H, TOF than monometallic since Ni alloying decreased CO and H, Higher CO selectivity and [44]
interaction strength with the surface increasing the availability of catalytic = methanation since WGS is not
sites favored; higher coke formation
Higher substrate conversion thanks to higher dispersion Higher methanation [59]
Higher activity and H, selectivity thanks to lower H, and CO interaction Slight sintering [60]
strength, improvement of WGS and higher Pt dispersion
Lower coke deposition compared to monometallic
Higher H, TOF than monometallic thanks to higher dehydrogenation rate Sintering of Pt—Ni nanoparticles [61,62]
Pt—Re Higher xylitol conversion thanks to WGS promotion Lower selectivity due to C—0 [35]
cleavage promotion; no info on the
stability
Higher H, TOF thanks to the decrease of CO strength with the surface Decrease H, selectivity due to [66]
increasing the availability of catalytic sites and WGS promotion acidic ReOx (dehydration favored)
Higher activity thanks to the promotion of water activation Decrease H, selectivity due to [68]
acidic ReOx (dehydration favored)
Higher substrate conversion Decrease H, selectivity due to [69—71]

acidic ReOx (dehydration favored)
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but it suffers from a high cost; on the other hand, nickel is
cheaper, and despite its performance are less enthusiastic
than platinum, its use would increase the cost-effectiveness
of the process. Ni/C exhibited much lower activity than Pt/C,
particularly at low WHSV, and deactivated rapidly because of
Ni leaching during APR of xylitol [35]. Even for Ni-based sys-
tems, as will be shown more extensively later, the addition of
a promoter improves the performance. For example, it was
cited that the presence of Sn in a Raney Ni catalyst led to a
hydrogen production per unit volume equal to 350 pmol Hy/
cm?®, comparable to the value obtained by Pt/Al,O5 (450 umol
H,/cm?®) [32]. For this reason, several researchers investigated
bimetallic systems which involved these two metals.

He et al. studied the optimal ratio between Pt and Ni on
MWCNT prepared by IWI for glycerol APR [59]. Adding the
second metal allowed to increase the dispersion of Pt. The
formation of Pt—Ni alloy modified the electronic properties of
Pt, increasing the interaction with the support and thus the
dispersion. Adding Ni also caused the highest increase of
glycerol conversion (from 26% to 81%), while the carbon con-
version approximately increased from 8% to 15% (Fig. 11-A).
The hydrogen yield increased from 1.83 mmol H,/g glycerol for
the monometallic to a maximum 2.43 mmol H,/g glycerol,
together with a strong increase of methane (approximately 3
folds higher). This is coherent with the known methanation
activity of Ni. Looking at the effect of Ni loading, it was

reported that 1:1 was the optimal atomic ratio, since excessive
Ni may not form an alloy with Pt and rather cover it.

Different Pt:Ni ratios (1% Pt and 3—18% Ni) on ceria doped
alumina catalysts were also investigated in Ref. [60]. Two
different types of surface alloys, NiPt and NisPt, were identi-
fied. Adding Ni up to 6% reduced the crystallite size causing
the highest activity (96% conversion) and H, selectivity
(approximately 83%), as depicted in Fig. 11-B. The shift in the
Pt 4f;,, XPS peaks highlighted the modification of the elec-
tronic environment by Ni addition. The synergy between the
two metals is proved by the fact that physical mixture of the
two catalysts did not perform similarly well. The improve-
ment compared to monometallic Pt was referred to the
improvement of WGS thanks to Ni addition, higher dispersion,
and lower H, and CO binding energy on Pt, making the sites
more available. Looking at the catalyst stability, the authors
showed that monometallic Ni severely deactivated (metal
oxidation, carbon deposition and leaching), while 1Pt6Ni was
stable on 85 h TOS (small particles aggregation but not carbon
deposition was observed).

Possible structural modification of bimetallic Pt—Ni cata-
lysts under APR conditions were followed thanks to in situ
EXAFS analysis [61]. Fig. 11-C shows the modification sub-
jected by the Pt—Ni clusters under APR. When the catalyst is
reduced, the core is Ni-rich, while the shell is Pt-rich. How-
ever, under APR conditions, the Ni—Pt particles restructures,
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with platinum diffusing to the core while Ni segregates to the
surface. Importantly, this behavior was reversible prior sub-
sequent re-reduction. The enhanced activity of the bimetallic
catalyst compared to monometallic Pt was explained by this
segregation. This is coherent with DFT studies which showed
higher activity of Ni-terminated (i.e., Ni-rich surface) Pt—Ni
nanoparticles due to the increase of oxygen binding energy
which boosts the initial dehydrogenation rate [62].

Platinum—rhenium

Pt—Re/C was initially studied for the gas-phase glycerol
reforming, where it was noted that the H, turn over frequency
(TOF) increased by one order of magnitude compared to Pt/C
[63]. In a simplified kinetic model, the authors observed that
the CO adsorption equilibrium constant was 10 times lower
for the bimetallic catalyst compared with the monometallic.
Kunkes et al. carried out microcalorimetric measurements of
CO adsorption and CO-TPD studies [64]. Pt/C catalyst reported
115 kJ/mol as heat of CO adsorption, while for Pt—Re/C catalyst
it approached the one of pure Re (105 kJ/mol). Moreover, the
partial oxidation of Re sites under the APR condition may form
sites with lower binding energies. Avoiding that the sites are
blocked by CO (or other intermediates) is of paramount
importance because C—C bond breaking mainly happens with
transition states multiply bonded to Pt sites, therefore the
latter must be preferably free [21]. Thanks to attenuated total
reflection-infrared (ATR-IR) in situ analysis, it was reported
that CO desorption from catalyst surface was more facile on
the bimetallic catalyst compared to the monometallic [65].
ReOy can interact with CO adsorbed on Pt, facilitating its
desorption (CO spillover), contributing in this way to the in-
crease of activity. Another reason for the higher activity can be
related to the increased C—C and C—0O bond breaking capacity,
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with the latter to a major extent. It means that the Re addition
decreased the hydrogen selectivity because it favored hydro-
genation reactions of dehydrated intermediates. This is
because Re increased the acidity (Re-OH, Brgnsted type) of the
catalytic system.

King et al. tested Pt—Re for the first time under APR con-
ditions [66]. Re addition led to an increase of glycerol and H,
TOF. Re alone did not show any activity, so the effect was just
as promoter. However, it decreased the H, selectivity. As
previously reported, the promotion was induced by multiple
reasons: on one side, Pt—Re alloy can have higher activity by
modification of the electronic properties that can affect the CO
adsorption strength. Moreover, Re can favor water gas shift by
water activation, which is limited on platinum [67]; in this
way, higher OH surface coverage may be obtained, leading to a
higher formation of COOH, which is a key intermediate for the
reaction. This outcome was proved by CO stripping voltam-
metry in Ref. [68], where the authors observed that the Pt—Re
had a lower onset potential of CO oxidation than Pt one, and it
was ascribed to a higher concentration of OH species (stronger
binding of oxygen species which promoted water activation).
Finally, the acidic properties could explain the decrease in H,
selectivity. KOH addition showed further increase in liquid
products, so that it can be assumed that base addition can
compensate the surface acidity provided by ReOH.

The correlation between the surface properties of the
bimetallic catalyst and the product distribution was further
investigated in Ref. [69]. XPS showed that Pt binding energy
(BE) shifted, and it was higher with higher Re loading. The
increase of the BE (electron deficiency) was due to the inter-
action with Re (possibly alloy formation). However, Re BE
increased as well, ascribed to metal-support interaction. In
order to simulate the interaction with water, the catalyst was

10% H,, 225 °C

APR, 225 °C  After APR 10% H,, 50 °C

Fig. 11 — A: Effect of promoters and additives on the APR of glycerol, reaction conditions: 230 °G/30 bar initial N,, 10 wt%
glycerol solution, 0.1 g catalyst, 4 h (from Ref. [59]). The y-axis refers, with the same units of measure, to hydrogen
gasification ratio (green bars), carbon conversion to gas (red bars) and glycerol conversion rate (light blue bars); B: Structure
of the Pt—Ni particles at reduced conditions, during APR and after regeneration (Reprinted with permission from Ref. [61].
Copyright 2012 American Chemical Society). (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)
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treated with steam, leading to a change of oxidation in both
platinum and rhenium. In particular, the presence of new Re-
OH species increased the surface acidity, which in turn
affected the product distribution favoring dehydration prod-
ucts via acid-catalyzed reactions. Interestingly, it was re-
ported that the hydrogen selectivity increased with the
conversion: this is due to the more difficult dehydration of
smaller molecules compared with glycerol. Similar conclu-
sions were reported in Ref. [70] and in the case of xylitol [71].

In conclusion, it is worthy to highlight some of the outcome
reported for these characteristic bimetallic Pt-based catalysts.
Table 1 resumes the effects of Mo, Co, Ni and Re addition to Pt,
as reported in the last sub-paragraphs. Commonly the pro-
moters induced an electronic perturbation of platinum, which
decreased the interaction with the adsorbates and increased
the availability of free active sites. Apart from Co, each of the
promoters caused a strong increase of the conversion but
associated with a decrease of the H, selectivity. In fact, often
the C—O cleavage pathway is favored: for example, due to the
enrichment of surface acidity in the case of Re, or due to
methanation in the case of Ni. It is important to observe that
tuning the reaction conditions, like adding a base, could
overcome the reported drawbacks.

Ni-based catalysts

In view of a possible industrial application of APR, the use of
non-noble metals in the catalyst formulation may be a mile-
stone for the success. For this reason, the use of transition
metals-based catalysts, such as Ni, has been explored.

Rahman investigated bimetallic Ni-based catalysts for APR
of glycerol over multiwalled carbon nanotubes [72]. In the 1 Pt-
xNi series, 1 Pt—3Ni was found the one with the highest ac-
tivity (glycerol conversion higher than 99%) and hydrogen
yield (Fig. 12-A). Monometallic Ni was confirmed active to-
wards methanation, reporting the highest yield for methane
and the lowest glycerol conversion (44%). As depicted in
Fig. 12-B, Ni influenced the electronic state of Pt (shift of the
binding energy). While Ni monometallic suffered from deac-
tivation after 65 h TOS, Cu and Pt addition allowed to maintain
a stable hydrogen production in 100 h long runs.

The influence of several promoters (Mg, Cu, Zn, Sn, Mn) on
the APR of ethylene glycol was recently studied over Ni—Al
hydrotalcites [73]. The screening reported that the conver-
sion was not affected by the incorporated metal. On the other
hand, the selectivity was improved in the case of Mg pro-
moter. The authors explained this outcome because of the
change in the electronegativity of Ni. Interacting with MgAlO,
Ni became more electronegative, reducing the possibility that
the feed may be dehydrated.

Luo et al. studied the Ni:Co ratio for APR of glycerol on
alumina support [74]. 1:3 was found the optimal ratio to
maximize the hydrogen yield, thanks to the tradeoff between
higher selectivity thanks to Co addition and lower activity due
to the decrease of superficial Ni. The synergy between the two
metals, proved by H,-TPR, was confirmed by the fact that both
monometallics had much lower hydrogen yield. Slight addi-
tion of Ce further increased the hydrogen yield promoting the
formation of NiO instead of Ni aluminate, improving the
dispersion, and decreasing methane selectivity. Moreover, it

avoided Ni sintering and stabilized the alumina support.
Nevertheless, coke remained one of the causes for catalyst
deactivation.

The effect of cobalt addition to a bimetallic Ni—Fe catalyst
was systematically studied thanks to Fourier-transform
infrared spectroscopy (FTIR) characterization before and
after APR of ethylene glycol [75]. The results are reported in
Fig. 13. Ni was found to be responsible for ethylene glycol
activation (about 30% carbon conversion to gas for Ni alone vs
10% for Fe alone) thanks to the high activity of metallic Ni for
C—C bond breaking. The bimetallic Ni—Fe further improved
the conversion at 45%, also reaching higher hydrogen selec-
tivity. Fe was present as Fe;0, and was supposed to be
involved in the WGS via a redox mechanism: Fe’' was
oxidized by water (producing hydrogen) to Fe*"; afterwards,
the latter was reduced back by CO (producing carbon dioxide).
The addition of Co strongly increased the conversion up to
95%, maintaining the hydrogen selectivity but at the same
time cutting the alkane selectivity from 75% to less than 5%. It
was suggested that Co increased the capacity to adsorb
ethylene glycol at the same time decreasing the one for
hydrogen. Finally, the authors highlighted the instability of
the catalyst due to the re-oxidation of Fe and leaching of Ni.

Further improvements of Ni catalyst were reported in
Ref. [76]. A Ni—-B amorphous alloy catalyst showed higher
hydrogen production and stability than Raney Ni: the
improvement was attributed to the boron oxides which, sur-
rounding the hexagonal close-packed Ni, caused their stabi-
lization and the higher resistance against sintering.

Nickel—copper

Tuza et al. studied Ni—Cu catalysts supported on hydrotalcite-
like compounds, with varying composition from 20% Ni
monometallic to 20% Ni—20% Cu [77]. Ni monometallic
showed the highest activity among the samples. The addition
of copper increased the Ni dispersion and reducibility. The
increase of hydrogen selectivity (250 °C) during 12 h TOS was
ascribed to the lower particle size, since multiple Ni clusters
are necessary for CO dissociation and methane production. At
270 °C a decrease of the hydrogen selectivity (defined by the
authors as the molar fraction in the gas phase) with TOS was
observed because of hydrogen-consuming reactions (acetol
hydrogenation), with increase of CO, selectivity.

In a successive work, Manfro et al. looked also at surface
acidity properties [78]. They observed that bimetallic catalysts
were more acidic than monometallic, explaining the higher
acetol formation. The absence of re-oxidation contrarily to
other case reported in literature was motivated by the stabi-
lization of the support. The slight sintering that occurred did
not cause deactivation in 6 h TOS.

Ni—Cu supported on MWCNT for glycerol APR was also run
up to 110 h, in order to get information also on extended time
on stream [79]. X-ray diffraction (XRD) spectra showed a shiftin
the Ni peak, indicating the higher interaction with Cu in the
case of higher loading, with possibility of an alloy due to their
complete miscibility. Moreover, the dispersion increased when
Cu was added (further increase led to similar dispersion than
the monometallic). At the same way, the 1Cul2Ni was the most
stable against sintering. The catalytic tests showed superior
performance of the bimetallic formulation, with 1Cu12Ni giving
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Copyright 2020 American Chemical Society).

the highest hydrogen yield. It reported lower CO ascribed to the
higher WGS activity; moreover, methanation activity of Ni
decreased, attributed to the alloy formation and the reduction
number of clusters with multiple Ni atoms which are necessary
for CO hydrogenation (4-fold lower methane formation in the
bimetallic catalyst compared to the monometallic one). Look-
ing at the stability, 6Cul2Ni and 12Cul12Ni showed high sin-
tering, while 1Cul2Ni did not, leading stable H, yield along
three consecutive 110 h TOS runs. Only minor sintering was
observed, but no re-oxidation for Cu and Ni and leaching. WGS
activity was assessed with a proper test.

Park et al. studied different Ni-based catalysts supported
on LaAlO; with different promoters (Cu, Co, Fe) and found that
Ni—Cu was the one with highest glycerol conversion and
hydrogen selectivity [80]. It was the catalyst with the highest

dispersion, while the monometallic Ni showed the worst
dispersion. Furthermore, it showed less coke deposition
(whisker type, less harmful because it grows on one side of the
metal particle) than the monometallic (graphite type) and no
sintering (contrarily to the monometallic). However, it was
higher than the Ni—Co formulation.

Table 2 summarizes the effects of the promoters on the
performance of APR when added to Ni-based catalysts. Since
the beginning of the APR research, Ni has been reported as one
of the most interesting non-noble metals due to its high ac-
tivity. The addition of the promoters like Sn, Mg, Co and Cu
helped to increase the selectivity by different mechanisms
(e.g. by blocking defect sites or decreasing the particle size).
This outcome is a key improvement since the lack of selec-
tivity due to the high tendency of methanation is a drawback
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Table 2 — Influence of the promoters on Ni-based catalysts for APR reaction.

Catalytic system Modification caused by the promoter Drawbacks/unsolved issues  Reference
Ni—Sn Suppression of CO methanation by Sn decoration of Ni-defect sites; TOF for hydrogen production [32,33]
higher resistance to Ni sintering more than three times lower
than conventional Pt-based
catalysts
Ni—Mg Higher H, selectivity thanks to the increase of Ni electronegativity, [73]
reducing the dehydration pathway
Ni—Co Higher H, selectivity Lower C—C activity [74]
Carbon deposition and
sintering
Higher conversion thanks to higher substrate adsorption and lower H,  Leaching [75]
adsorption
Ni—Ce Higher activity thanks to improved dispersion Carbon deposition [74]
Ni—Fe Higher substrate conversion thanks to WGS promotion Re-oxidation [75]
Ni—B Higher sintering resistance [76]
Ni—Cu Higher H, selectivity thanks to higher dispersion Lower H, selectivity at high [77]
temperature
Higher H, yield thanks to higher Ni dispersion and reducibility Dehydration promotion due to [78]
higher acidity
Higher H, yield thanks to WGS promotion and reduction methanation [79]
activity; no re-oxidation
Higher H, yield thanks to WGS promotion and higher dispersion; no Whisker-type coke deposition [80]

sintering and graphite-type coke

of Ni-based catalysts. At the same way, most of the unsolved
issues still regards the instability by re-oxidation, carbon
deposition or leaching, which may prevent a long-term use.

Other catalysts

Apart from the catalytic systems previously reported, some
others are worthy to be cited. In fact, despite they may be less
frequently applied, their outcome may be interesting to
stimulate further research. Therefore, in the following, for-
mulations based on noble metals (Ir and Ru), bulk and metal-
free catalysts will be reported.

Liu et al. tailored the properties of a Ir-Re0,/SiO, catalyst
with a noble metal (Ru, Pd, Pt) to favor either the APR of
glycerol (C—C breaking) or its hydrogenolysis (C—O breaking)
[81]. Pt showed higher conversion compared to Ru and Pd, but
lower selectivity to acetol and propylene glycol (1,2-PrD), due
to its higher selectivity towards APR. Being the particle size
similar, it cannot be ascribed to structure-sensitivity features.
Increasing the conversion led to an increase in the C3 products
selectivity. This is coherent with previous literature since
hydrogen selectivity decreased with the reaction time due to
parasite consecutive hydrogenation reactions. The properties
of the Pt—Ir-Re system were investigated looking at the
monometallic and combination of bimetallic (Fig. 14). Ir pro-
vided the highest conversion among the monometallic and
the highest selectivity to acetol. Pt—Ir and Ir—Re showed
higher conversion than the monometallic, with the former
providing more APR activity: this is suggested by the higher
presence of hydrogen and propylene glycol, meaning that
more hydrogen was produced. This outcome showed the
synergy among Pt and Ir since the corresponding mono-
metallic catalysts reported very low activity. The authors

suggested that new species were formed, with XRD showing a
shift in the Pt and Ir peaks indicating the formation of alloys.
The physically mixed catalyst had similar conversion level to
the Ir-ReO,/SiO, but lower than the trimetallic, underlying the
importance of the proximity between the components, which
cannot be obtained through a simple mixing. Adding ReOy
allowed to reduce the metal particle size. Finally, it was
observed that low loading of Pt (and likely smaller particles)
favored the C—O hydrogenolysis.

Espinosa-Moreno et al. studied the APR of glycerol over Ir-
based bimetallic catalysts with Cu and Ni [82]. The authors
observed that Ir—Cu led only to 0.9% of carbon conversion to
gas, despite the high glycerol conversion (76.5% on La,Os
support). This result was not trivial from literature. In fact, Ir
was initially suggested by Dumesic and coworkers as a plau-
sible APR catalyst thanks to its high hydrogenolysis activity
(referring to the work of Sinfelt [83]). The addition of Cu was
not sufficient to overcome the WGS limitation and the possi-
bility that CO poisoned it.

The performance of Ru-based catalyst was improved as
well thanks to the use of promoters, under multiple points of
view. Its stability was improved thanks to the use of nitrogen,
which avoided Ru sintering increasing the metal-support
interaction, favoring at the same time the initial dispersion
[84]. At the same time, higher glycerol conversion and
hydrogen selectivity were obtained. Moreover, it exalted the
basicity of the support. This feature helped to activate the
water molecule, which is a necessary step for the WGS reac-
tion: its facilitation allowed to improve the overall perfor-
mance because the sites were less occupied by the CO.

Novel unconventional types of catalysts can be finally re-
ported, such as the use of cobalt aluminate spinel for the APR
of glycerol [85] and metal-free catalysts [86]. Cobalt is not
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stable due to oxidation and leaching. However, the spinel
formation with alumina may overcome these limitations.
Thanks to a mutual protective effect, the spinel catalysts had
surface area higher than cobalt oxide and alumina alone.
Increasing the Co loading decreased the surface acidity
(measured by NH;-TPD) because alumina, which is a Lewis
acid, was substituted by cobalt oxide. Analogously, basic sites
formation was favored by Co loading (measured by CO,-TPD).
Reference tests with alumina and cobalt oxide alone gave
respectively the highest and lowest selectivity for hydrox-
yacetone, which is acid-catalyzed; at the same time Co304
gave the highest H, and CH, selectivity, being methanation
favored by basic sites. The spinel structure helped in reducing
the methanation activity and the re-oxidation of Co (5% vs
10%), even in a reducing atmosphere. The results showed the
predominance of C3 liquid products, highlighting the low ac-
tivity for C—C breaking of Co. The conversion decreased with
time on stream also due to coke and sintering of large
particles.

Esteve-Adell et al. used for the first time a metal-free
catalyst to perform the APR of ethylene glycol, i.e. graphene,
obtained by alginate pyrolysis [86]. In this context, the pres-
ence of defects is pivotal to activate reactions that commonly
require metals to overcome kinetic limitations. Graphene
allowed higher conversion compared to graphite-derived
materials. One main point of concern was the low stability,
that ended up in negligible activity at the third run. It was
ascribed to the possibility that carboxylic acids by-products or
hydrogen itself may react with the active sites (carbonyl
groups and diketones). In particular, the author proposed that
they consist of frustrated acid-base Lewis pairs, i.e., Lewis acid
and bases close enough to interact with H, but not enough to
interact between each other, acting as dehydrogenation sites.
IR spectra and thermogravimetric analysis showed the pres-
ence of adsorbate organics.

Influence of particle size

Before moving on the third element chosen by the catalyst
designer, the choice of the support, it is worthy to discuss one
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Fig. 14 — APR of glycerol over different Pt and/Ir supported
catalysts. Reaction conditions: 190 °C/20 bar Ar, 10 wt%
glycerol, 17 h (data from Ref. [81]).

issue still related to the active metal category. It has been
proven that aqueous phase reforming is a structure-sensitive
reaction, i.e., its rate, normalized per exposed metal surface
atom, changes with the particle size [87]. However, in the APR
field, there is no apparent agreement if smaller of bigger
particles are more benefic for hydrogen production. In the
following, the main works analyzing this topic are reported.
Despite in some cases TOF was not reported, valuable com-
ments can be drawn.

Lehnert and Claus reported for the first time that hydrogen
selectivity increased with increasing particle size, without
affecting the conversion (Fig. 15-A) [88]. Increasing the particle
size implies that the number of face atoms increases, while
the number of edges and corner atoms decreases [89].
Therefore, it can be postulated that a greater extent of face
atoms permits favorable adsorption of the oxygenates for the
C—C breaking.

On the other hand, Wawrzetz et al. reported different re-
sults. Despite the agreement on the fact that the conversion
was slightly affected by the particle size, they reported higher
hydrogen selectivity for smaller particles (Fig. 15-B) [90]. This
result was ascribed to the higher concentration of metal sites
that hindered the dehydration pathway (i.e., the catalytic
chemistry favored by the support). Having smaller particles
means highly coordinatively unsaturated metal atoms and at
the same time higher concentration of metal atoms at the
support-metal boundary. Both aspects may affect the mech-
anism followed by the molecule and its fate (hydrogen or
alkane production).

The latter outcome was supported by the results reported
in Ref. [91], where small Pt particles favored C—C breaking
more than C—O. Moreover, sintering happened during the first
60 min (from approximately 2 nm to less than 4 nm) and then
it was constant up to 1440 min. Similar results were reported
for Pt particles in Refs. [92—94], where quantum effects have
been proposed to explain the change of TOF close to a critical
diameter. Moreover, methanation is favored by bigger parti-
cles [36].

Very recently, Vikla et al. prepared different Pt/Sibunit
catalysts not only to study Pt size effects, but also looking at
the influence of its distribution (uniform or egg-shell) [95]. The
hydrogen production rate, normalized per unit of surface Pt,
linearly increased with the mean particle size (up to 10.7 nm),
in accordance with [88]. Furthermore, an optimal size for the
agglomerated particles was found (about 21 nm).

A change in the activity was reported in Ref. [96], where
platinum nanoparticles with different particle size were syn-
thesized for glycerol APR to obtain structure-activity rela-
tionship. Normalizing to the Pt surface area, it was showed
that larger particles increased the conversion (the activity).
Moreover, the product distribution was affected (the selec-
tivity). It was reported that small particles (with higher con-
centration of edge sites — Pt(100)) favored the
dehydrogenation, while larger particles (with higher concen-
tration of facet sites — Pt(111)) favored the dehydration.

A stability-related TOF was defined by Duarte et al., who
looked at the influence of Pt loading on alumina supported
catalysts (0.3—2.77 wt%) by IWI [97]. The authors reported that
the amount of coke decreased when the number of surface Pt
increased; in other words, larger particles caused less coke
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deposition. Moreover, sintering was observed for all the cat-
alysts, and that was proved to occur during the initial phase of
the reaction, since no decay in the performance was observed.
The same research group previously studied the effect of Pt
loading on xylitol APR in Ref. [98] and sorbitol [99].

Higher H, TOF for smaller particles were observed also for
Ru-based catalysts [100]. The use of in-situ ATR allowed the
authors to observe that on the catalyst with high loading (5 wt
%) and large particles (4 nm) C—O breaking bond was favored,
leading to acetylide intermediates and methane as the final
product. On the other hand, the catalyst with low loading
(0.5 wt%) and small particles (1 nm) did not lead to any ace-
tylide. The difference was attributed to the fact that acetylide
needs two bonds with the metallic site, therefore it was more
likely to happen on flat metallic surface. Analogous outcome
can be found in Ref. [101], where Ru catalysts were prepared at
different loading to have particle size greater than 2 nm
(representatives of high-coordination flat terraces) and
smaller than 2 nm (representatives of low coordination step/
edges). They observed that small Ru particles favored
hydrogen selectivity, with CH4/H, ratio less than one. At the
same time, the C1/C2 products ratio is smaller, indicating less
activity for breaking. This result is contrast with DFT studies,
which foresee lower energy barriers on smaller particles rich
in edges and steps. The discrepancy was ascribed to the pos-
sibility that more active smaller sites can be deactivated by CO
blocking which is strongly adsorbed. To confirm this hypoth-
esis, Fischer-Tropsch synthesis was carried out, which did not
report alkane formation on small Ru particles because CO was
not activated.

Van Haasterecht et al. studied the influence of Ni particle
size on different supports (carbon nanofibers, alfa and
gamma alumina, zirconia, SiC) for APR of ethylene glycol
[102]. Narrower peaks in the XRD of spent catalysts, together
with TEM images, confirmed that sintering phenomena
occurred for each of the supported catalyst in this order:
CNF > ZrO, > SiC > y-Al,03 > a-Al,05. The difference was
attributed to the different inter-particle distance (due to the
different surface area) and the initial particle size. The au-
thors reported that smaller particles grow faster and more
than bigger particles; furthermore, they suggested that it was

due to Ostwald ripening mechanism due to the high solubi-
lity of Ni and absence of the influence of the catalyst loading
on the growth rate.

Effect of supports

In heterogeneous catalysis the function of the support is
typically reported as a mean to increase the metal dispersion.
However, its behavior may be active in determining the per-
formance of the reaction. For example, the acid-base func-
tionalities of the supports are well-known and exploited in
many important industrial reactions, such as hydro-
isomerization. In the context of APR, the nature of the support
has been reported as a mean for tuning the hydrogen
production.

The support can affect the quality of the hydrogenation
sites [103] due to its electronegativity. In the case of APR, it has
been reported that Pt/alumina is less hydrogenating because
of the lower electronegativity of the support compared to Pt/
amorphous silica alumina [104].

Shabaker et al. screened different supports for platinum-
based catalysts [105]. Looking at the H, TOF reported in
Fig. 16, the ranking at 225 °C was TiO, > black, carbon, Al,.
03 > Si0,—AlL03, ZrO, > Ce0,, ZnO, SiO,, with Al,05, ZrO, and
TiO, showing the highest hydrogen selectivity. The reaction
temperature significantly influenced the ranking, with Pt-
black being the one with the second worst TOF at 210 °C.
Si0, and CeO, were reported to dissolve under the hydro-
thermal conditions.

As reported in the introduction, the support has a strong
role in modifying the hydrogen selectivity because of its acid-
base properties. Wen et al. studied the effect of supports with
different acidity with a Pt-based catalyst [106]. The authors
showed that the scale of hydrogen yield was SAPO-
11 < AC < HUSY < SiO, < MgO < Al,03, which is qualitatively
coherent with the range of acidity (i.e., SAPO-11 and HUSY
are zeolites, while MgO is a basic support). During 240 min
TOS, each support was stable except for MgO and SAPO-11.
Possible structure-sensitivity effects were excluded in
Ref. [38] by pre-synthesizing platinum colloids that were
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then loaded on the supports through different techniques. It
was pointed out that the scale of basicity (measured via CO,-
TPD) was analogous to the range of hydrogen yield, i.e.,
MgO > Al,05 > CeO, > TiO, > SiO,. The authors suggested that
the support basicity polarized water, inducing its dissocia-
tion and facilitating the WGS step. Again, although MgO
showed the best performance, it was not hydrothermally
stable. Further screening of supports highlighted the
importance of the basicity for Pt-based catalysts in Ref. [107].

Liu et al. studied different supports for Pd-based catalysts
in the APR of ethylene glycol [108]. Among NiO, Cr,03, Al,03,
Zr0,, Fe,03 and Fe304, the latter showed the best performance
thanks to the promotion of the water gas shift, which is the
rate determining step for Pd.

Kim et al. investigated the effect of support on Pt—Re sys-
tems [109]. The authors reported that the activity increased in
the order alumina < silica < activated carbon < CMK-3. The
ordered mesoporous carbon was explained as the best thanks
to the easier access of the active site for the reactants and
escape of the products and higher dispersion. Similar outcome
was obtained by CMK-9 in the case of Pt-Fe [41].

Zirconia and boehmite supports were explored in the APR
of hydroxyacetone [110]. The support alone (and zirconia
notably) produced more coke than the platinum-supported
catalyst (measured by CHN analysis and temperature pro-
grammed oxidation), indicating that the metal plays a role in
preventing such deactivation via aldol condensation mecha-
nism. Boehmite may have fewer coke thanks to its lower
acidity. The in-situ ATR study allowed identifying the most
present dimer between the two possible intermediates.

It is interesting to observe also the influence that the sup-
port modification may have on the stability of the entire cat-
alytic system. Stekrova et al. studied the influence of different
Ce, Zr and La oxide supports for the APR of methanol [111].
Nickel catalysts are often subjected to deactivation due to re-
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Fig. 16 — Influence of the support on APR of ethylene glycol.
Reaction conditions: 225 °C, 10 wt % ethylene glycol
solution (data from Ref. [105]).

oxidation and sintering of the metal particles. ZrO, and CeO,
thanks to their oxygen storage and mobility are useful sup-
ports for WGS. Furthermore, oxygen vacancies can be
increased if doped with lower-valence metal, like La, also
increasing the metal-support interaction and, consequently,
the Ni dispersion. The authors showed that Ni did not re-
oxidize during the reaction. However, atomic absorption
spectroscopy showed the occurring of Ni leaching. Ni sinter-
ing also occurred during the reduction step. While it was the
same for pure zirconia and mixed ceria-zirconia oxide, it was
lower in the case of mixed Ce—La, likely due to the strong
interaction between Ni and La. Cerium carbonate was re-
ported as the main cause for the deactivation of the WGS step,
even if the activity was restored by thermal regeneration
(300 °C, air flow). Looking at the performance of APR, they
reported that the use of mixed oxides is beneficial for the ac-
tivity. Surprisingly, pure CeO, support showed the lowest
WGS activity, despite its effectiveness in the gas-phase sys-
tem. On the other hand, the highest WGS activity was re-
ported by mixed 17Ce—5SLa—Zr support, linked to its highest
basicity.

Table 3 summarizes the main effects of the support on the
performance of APR. The acid -base properties and the reduc-
ibility were mostly investigated since they are directly involved
in the water gas shift step that, as reported throughout this
work, is a key step to promote the hydrogen yield. Less atten-
tion has been put on the textural properties, despite it can be
important to promote the selectivity. In fact, it can be favored
not only playing with the nature of the active sites, but also
avoiding that hydrogen, once produced, may contact other feed
molecules/intermediated and hydrogenate them.

Alumina

Alumina is one of the most studied supports for APR. Different
alumina supports for Pt catalysts were studied in the APR of
ethylene glycol [113]. It was reported that the hydrogen yield
decreased in the order alfa > delta > gamma thanks to the high
dispersion obtained in the former. The authors reported that
the absence of chlorine in the alfa sample (prepared with a
higher temperature treatment compared with gamma)
improved the dispersion because chloride facilitated the sin-
tering. Moreover, it was suggested that Pt is more anchored on
dry (e.g. alfa) alumina surface than on the hydroxylated one
(gamma).

Making an analogy with the active site, it has been reported
that binary supports, i.e., mixed oxides, are able to increase
the hydrogen production thanks to a synergy between the
components. a-Al,03 modified with CeO, and ZrO, improved
by more than 50% the hydrogen yield compared to unmodified
a-Al,05 [91]. This is because CeO, and ZrO, participate in the
water activation, therefore promoting the WGS reaction [114].

Iriondo et al. modified alumina-supported Ni-based cata-
lysts with Mg, Ce, Zr or La for glycerol APR [115]. La addition
caused the highest increase in glycerol conversion, followed
by Ce, Zr and Mg which was worse than the un-modified
alumina. The supports did not influence the selectivity.
Neither affected the dispersion, as there was not a clear trend.
The authors suggested that geometric effects were due to the
presence of the promoters on the Ni surface, similarly to Sn on
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Ni. All the samples showed deactivation ascribed to re-
oxidation of Ni, while sintering was not reported.

The influence of two different supports (alumina and
nickel aluminate) have been studied for the aqueous phase
reforming of methanol [112]. Pt supported on NiAl,0, showed
higher dispersion than on alumina (80% vs. 70%). The use of
the spinel increased the methanol conversion from 26.5% to
99.9% and the hydrogen yield from 23.3% to 95.7%. Please note
that in this case, Ni was present in an oxide state, so it was not
able to activate the methanation reaction. Being NiAl,0, not
able to convert methanol, a synergy between the active site
and the support was supposed to explain the improvement of
the performance, due to several reasons. In situ DRIFTS was
used to detail the CO formation process for the first time,
showing that it is achieved via dehydrogenation of methanol
to methoxy and formaldehyde species, followed by the
decomposition of the latter to CO. Interestingly, the pathway
was different for the alumina-supported catalyst. Indeed, it
had mediocre dehydrogenation activity (the formation of
formaldehyde and CO was observed at a longer time) and WGS
(peaks of CO were already present, while they were absent for
the spinel-supported catalyst). In the spinel support, platinum
was more reducible, therefore more active for dehydrogena-
tion (first reason for the synergy); the motivation was ascribed
to the oxygen vacancy present in NiAl,O,4. Furthermore, they
contributed to carry out the water gas shift activating water
via a redox mechanism which is faster than the associative
mechanism observed for alumina. Summarizing, as reported
in Fig. 17, the first step (dehydrogenation) is performed in the
same way on both catalysts: playing Pt a vital role for dehy-
drogenation, its characteristics affected the performance, and
they improved thanks to the fact that it was more reducible. In
the second step, the efficacy of WGS was further prompted by
the redox mechanism, rather than the associative one.

Moreover, the catalyst was stable along 600 h of time on
stream, with only 10% of loss in conversion (no information on
the possible change of selectivity were reported).

Ceria support showed higher dispersion, WGS activity and
resistance to coke than alumina [116]. Furthermore it sup-
pressed methanation [117] by poisoning the responsible active
sites. This mechanism would be analogous with the one
proposed for the Sn-modified Ni Raney [32]. The effect of CeO,
addition to alumina supports for Pt catalysts in APR of glycerol
was studied for the first time in Ref. [118]. 3% and 6% ceria
doping increased the hydrogen and methane yield compared
to unpromoted alumina, while 9% loading decreased the
hydrogen yield. The catalysts showed similar hydrogen
selectivity. The authors ascribed the improvements to the

increase in the availability of metal surface area and reduc-
ibility of platinum precursor by adding ceria.

Bastan et al. looked at the APR of glycerol over Ni-based
catalyst supported on mixed alumina/MgO oxide, searching
for a structure-activity relationship for the different Al/Mg
ratio [119]. As reported previously, Ni suffers from sintering.
MgO can be used to stabilize Ni particles. Increasing the Mg
content also increased the Ni dispersion, while decreasing its
reducibility. The A2M1 support showed the highest conver-
sion because of the higher presence of surface metallic Ni. The
spent catalyst showed re-oxidation of Ni and no carbon
deposition, while no information on sintering was reported.
Despite of the re-oxidation, the study of the performance
showed stable hydrogen yield along 24 h of time on stream.

Pt/Si0,—Al, 05 with different Si/Al molar ratio (range 0—1)
was investigated to modify the surface acidity and influence
the product distribution [120]. Maximum conversion and
hydrogen production rate were reported at Si/Al ratio equals
to 0.1. Increasing the ratio led to an increase of the methane
selectivity and a decrease of ethane selectivity. The authors
reported thatincreasing the Siloadingled to an increase of the
Brgnsted/Lewis acidity ratio (because Si—OH species are pre-
sent on the surface), as well as an increase of the weak acidic
sites and a decrease of the strong (and total) acidic sites. This
difference on the quality and quantity of acidic sites can alter
the platinum dispersion as well (higher at higher Si/Al ratio).
The authors correlated the conversion with the amount of
strong acid sites and the hydrocarbon selectivity to the weak
Brgnsted acid sites. However, contrarily to most of the works
reported in literature, the authors assumed that higher alkane
selectivity can be attributed to both C—O and C—C cleavage.

Despite the promising use of alumina, its transition into
boehmite is well known under APR conditions, as reported in
Refs. [121,122]. The use of silica deposition has been explored
to overcome this limitation [123]. During the structural
modification into boehmite, the metal particles may be
encapsulated or sinter due to the losing contact with the
support. One strategy to prevent this occurrence is increasing
the support hydrophobicity, preventing the Al centers attack.
The authors used tetraethylorthosilicate (TEOS). The total
acidity decreased (measured by NH;-TPD), due to the sub-
stantial decrease of Lewis acidity (measured by pyridine
adsorption) and a small increase of Brgnsted acid sites. The
silylation decreased the catalyst activity: the complete con-
version was reached for pure alumina after 5 h, while the
necessary time increased up to 7 h and 12 h with the increase
of silylation time (0, 4, 8, 12 h). In Fig. 18-A the modification of
the hydrogen production rate is reported. The rise in acidity

Table 3 — Influence of the support on the APR performance.

Property of the Support Main effect Example Reference
Acid-Base Higher H, yield since support basicity polarizes water, promoting the MgO [38,106,107]
WGS
Higher coke formation in the presence of higher acidity ZrO, [110]
Redox couple WGS promotion by redox mechanism Fes04, NiAl,O4 [108,112]
Mesoporosity Easy transport of reagents and products into the catalyst CMK-3 [41,109]
Oxygen storage and mobility WGS promotion CeO, [111]



https://doi.org/10.1016/j.ijhydene.2021.09.206
https://doi.org/10.1016/j.ijhydene.2021.09.206

170 INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 47 (2022) 151—180

Dehydrogenation
JH—CH;
Y

Pt enhanceci

Q Pt

l'::: oxygen vacancy (IV)

.

2" step redox
mechanism

...................... J —CO +H,0 —=CO, + Hy(WGS)
ﬂ . co

coQ; .
¥ Ssociative:
mechanism;

'\"OH*HH

Fig. 17 — APR reaction mechanism reported for methanol on different supports (from Ref. [112]).

caused the increase in hydroxyacetone selectivity; the WGS
remained effective (lack of CO). The boehmite formation was
slowed down or prevented, while some minor sintering
occurred. Globally, the support life-time increased from 12 h
to 36 h, likely due to the removal of the protective layer.

Similarly, Van Cleve et al. used alkyl phosphonate coatings
to improve alumina hydrothermal stability [124]. The authors
investigated phosphonic acids with different tail lengths,
from C1 to C18. The initial surface area decreased due to this
pretreatment likely because of the blockage of smaller pores.
While alumina became boehmite if untreated, the alkyl
phosphonate slowed down the transition, and it was slower
the longer the tail length (Fig. 18-B). The reason may be
ascribed to the hydrophobic properties or the density (the
smaller the chain, the higher the loading) of phosphonate
groups. The role of the tails was investigated after an oxidative
treatment where the tails were removed. Since alumina
remained stable, it was suggested that the key to the
improvement was the interaction between the support and
the head of the alkyl phosphonate. Nevertheless, the longer
chain (C18) showed higher stability despite the lower P den-
sity. It may be since the high coverage of C1 led, on average, to
lower coordination compared to C18, so that the support was
less stabilized.

Zirconia

The addition of cerium, yttrium and calcium was investigated
to improve the redox capacity and basicity of zirconia-
supported catalysts in methanol APR [125]. Base Ni/ZrO,
catalyst reported 48% of conversion and 40% hydrogen yield.
Ce addition decreased the activity, in contrast with other
works in the literature. Despite the improvement of Ni
reducibility, Ce negatively influenced the quality of the sur-
face basicity (decrease of weak basic sites, with the formation
of intermediate strength ones). Therefore, it seemed that the
basicity plays a more significant role than the redox proper-
ties. Ca and Y addition increased the total surface basicity
equally, with the former acting mainly in the formation of
weak basic centers, and the latter in the establishment of

medium/strong basic centers. The Ca-doped catalyst showed
better performance than the Y-doped one because strong
basic sites can negatively affect the results by preventing the
desorption of CO,. Finally, increasing the Ca loading from 4%
to 14% worsened the activity, likely due to the decrease of Ni
surface area (despite the higher amount of weak and inter-
mediate basic sites).

The addition of Ce is common on Zr support. We cite here its
investigation on two examples, with Ni- and Pt-based catalysts.
Bastan et al. investigated the effect of the Ce—Zr support
composition for Ni-based catalysts prepared by co-
precipitation for APR of glycerol [126]. XRD showed that the
two oxides were present in a mixed form, not as separated
clusters, and presented higher surface area than the single
oxide support. Zr included in the Ce lattice lowered the crys-
tallite size due to its lower ionic radius. The Ni reducibility
changed in the mixed oxide, with the increasing of Zr loading
leading to an increase of the reduction temperature peak, likely
suggesting stronger metal-support interaction. Finally, the in-
crease of Zr also allowed to increase the Ni dispersion. It is
likely that this difference caused the increase of glycerol con-
version for the mixed oxides, however the hydrogen selectivity
decreased. The best catalyst (Ni/Cep 3Z1o ;0,) was tested also for
stability with 25 h TOS. No drop in the conversion was reported;
moreover, commonly deactivation mechanisms such as Ni re-
oxidation and sintering were excluded.

The effect of cerium/zirconium molar ratio for Pt-based
catalyst is studied in Ref. [127]. The activity and hydrogen
selectivity were maximized when the Ce/Ce + Zr molar ratio
was 0.4. The lowest CO concentration in this case suggests
also more effective WGS. The authors reported that this ratio
led to a higher abundance of oxygen vacancy sites which,
being correlated with the platinum dispersion, may be
considered the cause for the higher performance of this
formulation thanks to strong metal-support interactions.
Raman analysis was carried out to measure the defect sites.
Mixed oxides have larger lattice strain and higher oxygen
vacancy concentration, with the one at 0.4 ratio having the
highest. H,-TPR showed improved reducibility in the case of
mixed oxides, ascribed to the higher oxygen mobility. Finally,
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conditions.

the sample 0.4 showed also less sintering compared to Pt
supported on only ceria or zirconia.

Larimi et al. investigated ternary Pt—Ce—Zr solid solutions
prepared by controlled precipitation methods with different
Ce/Zr ratio, looking at its influence on the oxidation state of Pt
and its particle size (dispersion) [128]. The presence of a
ternary solid solution was confirmed by XRD. When Ce/Zr
ratio was equal to 1, the dispersion was the highest and it was
the one with the highest hydrogen activity. Looking at the
TOF, it was reported that face atoms (larger particles) are more
active, while higher H, selectivity was obtained with the
smallest particles. XPS analysis showed the electronic inter-
action between Pt, Ce and Zr through the increase of Pt
binding energies. Electron withdrawing from Pt should cause
the decrease of the Pt—CO binding, enhancing in this way the
WGS. Furthermore, the catalyst was proven stable in the APR
condition, without agglomeration of Pt.

Finally, Harju and coworkers reported a mild effect of zir-
conia particle size on butanol conversion, while the product
distribution and the stability was negatively affected using
bigger particles due to the onset of internal mass transport
limitations [129]. In the 250—420 pm range, butyric acid
selectivity increased, favoring the active metal (Rh) leaching
and decreasing the hydrogen formation by favoring hydrogen-
consuming reactions (e.g. hydrogenolysis).

Carbon

Several carbon supports (activated carbon, single and multi-
walled carbon nanotubes, superdarco (i.e., methane and
steam treated) carbon and graphene oxide) were studied for
Pt-based materials [130]. Activated carbon reported the high-
est gas production among the supports while graphene oxide
the highest hydrogen selectivity. Moreover, SWCNT per-
formed better than MWCNT likely because of the larger pores
that facilitate the reaction of large molecules present in the
hydrolysate.

Wang et al. studied the influence of surface functional
groups in MWCNT used as support for Pt based catalysts in
ethylene glycol APR [131]. HNOj; functionalization increased
the Pt dispersion but decreased the turnover frequency. The

authors ascribed this outcome to the presence of oxygen
containing groups, which can create a competitive adsorption
between water and ethylene glycol, due to the increase in
hydrophilicity. An annealing treatment which removed these
groups allowed to restore the original TOF.

Finally, it is worthy to cite the effect that the carbon sup-
port morphology can have on APR. Meryemoglu et al. looked at
three ranges of activated carbon: < 88 pm, 177-88 um,
177—-250 um [132]. Smaller particles had higher surface area
and pore volume. Pt size was similar, so the difference can be
ascribed only to the support. It was showed that activity
increased with decreasing particle size, as well as for nar-
rower size distribution. Kim et al. investigated the importance
of the configuration of the support looking at 3-D and 2-D
ordered mesoporous carbon with hollow- and rod-type
configuration [133]. The order of hydrogen production was
different from the order of the metal dispersion, highlighting
the importance of the structure of the support. It was noted
that 3-d ordered mesoporous carbon (OMC) allowed higher
resistance towards sintering for the Pt particles; furthermore,
the mesoporosity of hollow-type framework configuration
favored the transport of reactant and products to and from the
active sites, respectively.

Effect of the preparation method

The preparation of a catalyst involves different steps, and
each of them can affect its final characteristics. First of all,
the formation of the metal-support system is necessary. It
may be carried out via impregnation, deposition, ion ex-
change, etc. During this stage, liquid/solid interfacial phe-
nomena are important and can affect the behavior of the
final catalyst. In the APR literature, most of the works deals
with impregnation (wet or incipient wetness) and will not be
reported in this paragraph, unless for the sake of compari-
son. Only limited information was reported on the proced-
ures and methods themselves, since outside of the scope of
the work. Then, the second stage involves (commonly) gas-
solid reactions, firstly in the calcination (oxidation) step,
and afterwards in the activation (hydrogenation, sulfidation)
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step. The modifications caused by this second stage strongly
influence the structure of the catalyst as obtained after the
first stage [134]. This is the reason why both of them are
analyzed in the following.

Step 1: formation of the metal-support system

Alternative methods to the traditional impregnation can
contribute to increase the reducibility of the metal, facilitate
alloy formation or the interaction between two metals in case
of bi-metallic systems [135,136]. However, most of the time
they are developed to increase the dispersion, so that a high
metallic surface area available for the reaction can boost the
productivity. For example, it was reported that silica-
supported platinum catalysts prepared via ionic exchange
(IE) showed higher metal dispersion (60%) than the ones pre-
pared via incipient wetness impregnation (20%) [91]. This
result allowed to nearly double the hydrogen yield. Analo-
gously, urea matrix combustion method (UCM) compared
with IWI for the APR of different polyols allowed higher
dispersion and, as a consequence, higher hydrogen yield [44].

As far as the choice of the metal precursor is concerned,
Lehnert and Claus evaluated the influence of different plat-
inum precursors (amines, nitrates, sulfites) with IWI tech-
nique [88] They observed slight differences among the salts in
terms of glycerol conversion and hydrogen selectivity, with
tetrammine platinum (II)-nitrate giving the highest hydrogen
rate of production.

Lemus et al. developed a method to synthesize stable Pt
size-controlled nanoparticles [137]. The novelty consisted in
synthesizing the metal nanoparticles in situ, in the presence
of the support, therefore leading to the immobilization on it
(contrarily to methods where the nanoparticles are first pre-
pared and later deposited, ex situ). The authors used poly-
vinylpyrrolidone (PVP) and NaBH, as capping and reducing
agent, respectively. Bigger particles were obtained by ex situ
method, as well as with a reference method without PVP.
However, the addition of PVP only after the contact with
activated carbon led to a higher dispersion, as no competition
was present between the nanoparticles and the capping
agent.

Apart from the activity and selectivity, also the stability
can be affected by the preparation method. El Doukkali et al.
compared the preparation of Pt and Ni catalysts on alumina
via incipient wetness impregnation (IWI) and sol-gel method
under basic conditions (SGB) [138]. Sol-gel created a material
with higher surface area (375 vs. 140 m?%/g) and pore volume
(0.43 vs. 0.23 cm®/g). The basic agent leads to spherical cluster
formation and a spongy material. The pore volume decreased
in SGB after adding the metal, likely because they were
incorporated in the pores network, while they were mainly in
the outer surface in the case of IWI. SGB also increased the
interaction of Ni with the support (leading to Ni aluminate)
favoring the dispersion. The latter was confirmed by broader
peaks in XRD. SGB method also stabilized Pt particles which
otherwise sintered during the reduction step when prepared
via IWI. The carbon conversion to gas increased with SGB
catalysts. In a subsequent work, the authors added also the
study of sol-gel preparation under acidic conditions (SGA)
[139]. The differences in the preparation method are reported

in Fig. 19-A. SGA led to a material with fibrous and laminated
morphology and high surface area, allowing an effective
dispersion of Pt and Ni: the modification in the morphology
facilitated adsorption of reactant and desorption of the prod-
ucts, whereas the higher dispersion increased the activity.
The catalysts prepared by SGA had 50% higher surface area
than IWI, but 50% lower than SGB. Looking at the perfor-
mance, the activity was in the same trend (Fig. 19-B). Finally,
SGB led to catalysts more resistant to sintering compared to
the ones prepared by SGA.

The same research group reviewed the deactivation
mechanisms for the catalysts subjected to APR in Ref. [141]. No
leaching was reported for Pt, Ni and PtNi catalysts both at 230
and 250 °C. The textural characterization showed that the
decrease of surface area involved the materials prepared by
sol-gel routes more than the ones by IWI. XRD showed higher
transition to boehmite in the supports synthesized by sol-gel,
likely due to their higher surface area that facilitates the
incorporation of water molecule. Ni sintering occurred, and it
was higher for those prepared by IWI. However, contrarily to
literature, Pt did not sinter. XPS showed that monometallic Ni
completely re-oxidized, while it was metallic only in the
11-25% in the bimetallic case (lower for the sol-gel because of
the higher dispersion). Pt remained in the metallic form after
the reaction. Finally, temperature programmed oxidation
(TPO) showed the presence of carbonaceous species adsorbed
on the catalysts.

Roy et al. compared sol-gel method and solution combus-
tion synthesis (SCS) combined with wet impregnation method
for Ni/CeO; catalysts [142]. The first one showed higher carbon
conversion to gas and hydrogen selectivity, ascribed to the
growth of Ni nanoparticles prepared by SCS during the reac-
tion. Analogously, the same research group looked at Ni/y-
Al,O3 catalysts, revealing that in this case SCS samples out-
performed the ones prepared by sol-gel in terms of activity
(i.e., ethanol conversion), hydrogen selectivity and TOF
[143,144]. The extensive structural and superficial character-
ization showed that it was not only due to the smaller parti-
cles obtained by SCS. In fact, SCS sintered in a lower extent,
produced less coke and bulk spinel formation (promoting
WGS) than SG.

Other examples of better dispersion of the active phase in
the case of sol-gel route compared to impregnation are re-
ported in Ref. [145].

Step 2: thermal treatment and activation

Following the preparation steps, two further phases are
commonly involved, calcination and reduction.

Callison and coworkers used a colloidal synthesis proced-
ure for the preparation of platinum particles [96]. The syn-
thesis procedure was optimized varying the concentration of
NaBH, (reducing agent), reduction time of Pt precursor and
immobilization time on the support. Afterwards, the reduc-
tion temperature was varied from 25 °C to 90 °C to change the
particle size. As expected, it was shown that it increased with
the increase of reduction temperature.

Morales-Marin et al. used bulk nickel-aluminate catalysts
reduced at different temperatures from 300 to 850 °C [146].
The authors observed that increasing the reduction
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glycerol using Pt—Ni/y-Al,O; catalyst (from Ref. [140]).

temperature had a two-fold effect and the results of the
catalytic tests are reported in Fig. 20. On one side, the nickel
dispersion increased because its migration from the spinel
structure to the surface is favored. On the other hand, both
surface acidity and (to a greater extent) basicity increased.
Up to 450 °C, less than 5% conversion was reported due to the
absence of the Ni° active site. In this range, hydroxyacetone
was the main product, deriving from dehydration reactions
catalyzed by Lewis acid sites. As a matter of fact, this
outcome is properly exploited in works where the aim is the
hydrogenolysis of glycerol and the production of C3 products
[147]. From 600 to 850 °C, the glycerol conversion and gas
production gradually increased, with the maximum
hydrogen yield at 850 °C. However, hydrogen selectivity
partially reduced due to its consumption in parallel re-
actions. Nickel oxidation and sintering were identified as the
leading cause for catalyst deactivation, while leaching and
coke were excluded. Interestingly, sintering was observed
mainly for the larger particles, in contrast with previous
literature [102].

El Doukkali et al. evaluated the influence of calcination
temperature (550—750 °C) on the stability of alumina and Ni/Pt
particles [148]. The Pt particle size was similar, independently
from the calcination temperature. Moreover, in one case the
active sites were incorporated during the SGB synthesis of
alumina; in the second case, they were impregnated by IWI
after sol-gel alumina preparation (SGI). Ni particles were
bigger for SGI, but less sensitive to the calcination tempera-
ture, while sintering occurred with SGB, causing more deac-
tivation. Bigger particles are more resistant to sintering (4-fold
increase for SGB, two-fold for SGI) and re-oxidation, which are
common deactivation causes for Ni. Increasing the calcination
temperature decreased the activity but increased the stability.

Irmak et al. studied different preparation and reduction
methods of platinum on activated carbon, alumina and titania
by IWI [149]. Thermal treatments were carried out under
hydrogen and nitrogen: in the latter case the activity improved
thanks to the lower particle size. Afterwards, reducing the
precursor chemically (using NaBH,) rather than thermally,

further improved the catalyst activity, thanks to the fast
reduction process when it is added dropwise to the solution.

Innovative synthesis for APR

Novel techniques, even if not applied for APR yet, are worthy
to be mentioned. Keshavarz et al. used microemulsion sys-
tems to prepare Pt and Re based catalysts with controlled
particle size for heptane reforming [150]. Two different
microemulsions, neutral and acidic, were prepared. Re parti-
cle size was larger for neutral microemulsions, while Pt par-
ticle size was larger for acidic microemulsions, as well as for
Pt—Re. Interestingly, the nature of the microemulsions did not
affect the final acidic properties of the supported catalyst.
The influence of surfactants on the synthesis of platinum
nanoparticles via microemulsion method [151] was studied as
well. In this method, nanosized water droplets in which the
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metal salt is dissolved work as a nanosized reactor during the
reduction while dispersed into a continuous oil phase. Four
surfactants were used: Sodium 1,4-bis(2-ethylhexoxy)-1,4-
dioxobutane-2-sulfonate (AOT), cetyltrimethylammonium-
bromide (CTAB), poly(oxyethylene) sorbitanmonooleate
(Tween80) and poly(ethylene glycol) p-(1,1,3,3-
tetramethylbutane)-phenyl ether (TX-100). It was reported
that ionic surfactants allowed producing smaller nano-
particles than non-ionic ones (AOT < CTAB < Tween80 < T-X-
100, i.e., anionic surfactant < cationic surfactant < nonionic
surfactant) thanks to the influence of the different head group
charge, as it affects the dynamic process of collision, nucle-
ation and growth of the droplets. Other examples of micro-
emulsion synthesis of nanoparticles can be found in Ref. [152],
where the authors prepared NiPt bimetallic nanoparticles for
methane dry reforming.

Finally, Roy et al. reported the use of a radio-frequency
plasma treatment to modify the surface of a Ni/alumina
catalyst [153]. The plasma modification mainly influenced the
metal-support interaction leading to a higher dispersion of the
metal, leading to an increase of the catalytic activity.

In Table 4 the influence of preparation method reported in
the chapter is summarized. Among the others, sol-gel
methods seemed particularly interesting for their simplicity
and possibility to increase the dispersion; as usual, the trade-
off is reported being affected the stability of the catalyst,
which is particularly sensitive when alumina support is used.
Once the support-active metal system is formed, the condi-
tions used in the calcination and reduction steps can still play
a role in modifying the final catalyst properties due to its dy-
namic structure.

Perspectives
Catalytic perspectives

In the present work we collected the efforts of several
research groups whose aim is the design of an effective
catalyst for APR. The scientific outcomes have been classified
according to the effect of three main steps: choice of the
preparation method, choice of the metal, choice of the sup-
port. It is important to observe that the reality is not as simple
as reported, and the boundaries are much more flexible. For
example, glycerol conversion rate decreases in the order
TiO, > ZrO, > CeZrO, > CeO, on Pt, but the ranking changes
into TiO; > CeZrO, > ZrO, > CeO, on Pt-Re [154]. It means that
changing the metal, apparently also changed the effect of the
support. Similarly, changing the support affected also the
ranking between preparation methods, as reported in the
works of Roy et al., where CeO, was more active prepared by
sol-gel than SCS, but viceversa for Al,03 [142—144]. Notwith-
standing, an ideal combination of these ingredients may be
proposed at the end of the present work. The active elements
should likely rely on bimetallic systems. Nowadays, platinum
appears inevitable due to its peculiar characteristics. Despite
of its cost, the key point refers to avoiding its deactivation,
which seems an affordable task, at least with model com-
pounds. From the available literature, it should be accompa-
nied by a promoter to increase mainly its water gas shift
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activity. Among the others, Re and Fe seemed the most suit-
able. If the metals could explicate the WGS effectively, the
support may just play the role of dispersive medium. For this
reason, mesoporous carbon, thanks to its inert behavior with
respect to the aqueous phase and controlled pore size, may be
a suitable support. Finally, the coupling of in situ formation of
nanoparticles and their activation by chemical reduction
methods could be a preparation method able to guarantee
high dispersion and stability of the active phase.

Apart from the characteristics of the catalyst, the hydrogen
yields strongly depend on the nature of the substrate, due to
severe selectivity issues that arise with the increasing
complexity of the molecule. In other words, we can expect
high yield for small molecules (methanol, ethylene glycol,
glycolic acid), while it will decrease for glycerol, xylitol or
sorbitol. For example, we observed with glycolic acid 65%
hydrogen yield with Pt/C while it was 38% for sorbitol, at iso-
conversion conditions [11,12].

However, looking also to an industrial application, the TOF
values could be even more interesting. Lange reported that its
value should be in the range 0.033—16.7 tons of product per ton
of catalyst per min [155]. For Pt-based catalysts, for example, it
could reach 3 min~* [95,156] and this figure is promising for the
future. However, it remains to be proofed also for more com-
plex systems (see paragraph 6.2). For example, Pt—Rh catalyst
applied to the APR of pure glycerol showed 83.5% glycerol
conversion and 89% hydrogen selectivity, while these values
dropped respectively to 43.1% and 39% for crude glycerol [36].

The future research should focus on each of the three cited
topics to improve the performance of the catalytic system in
the APR scenario. In the following, some points worthy of
consideration are reported.

In the field of the preparation method, innovative aspects
such as the effect of the orientation of the active sites
compared with unoriented Pt materials on graphene prepared
by IWI, showed that the oriented material reported 2 order of
magnitude higher catalytic activity expressed as TOF than
unoriented ones [157]. Moreover, novel preparation tech-
niques for bimetallic catalysts may be developed to handle the
harsh conditions of the reduction treatment and reaction (for
example, leading to stronger metal-support interactions) and
stabilize the bimetallic clusters.

Apart from experimental testing, the rational design of
heterogeneous catalysts, thanks to the use of multiple tools
such as DFT and micro-kinetic models, should benefit from
further understanding of the reaction mechanism and lead to
more effective catalysts. In this sense, the fact that APR occurs
in liquid conditions is an obstacle, since the presence of a
solvent that interacts with reagents, intermediates and
products, modifies the energetic and reaction pathways [158].
The aqueous environment also affects the common knowl-
edge in the reactivity of the catalytic system. It means that
typical gas-phase WGS catalysts, such as Cu and CeO,, are not
trivially effective catalysts also in the liquid phase.

The use of a second metal to improve the activity, selectivity
and stability of the primary active site has been proved to be
commonly effective. However, despite the achievements, the
complexity of the systems often requires further efforts. For
example, it has been reported that the bimetallic structures
modify under the reaction conditions: therefore, the

development of in situ characterization techniques is neces-
sary. Furthermore, new and cheap materials, such as tungsten,
can be promising for future applications in the field [159].

Much work needs to be done also on the support side, to
clarify its role in the reactivity of the total system. For this
reason, understanding phenomena such as charge transfer,
spillover and perimeter activation may help in the design of
new catalysts with tailored properties [160].

Apart from the ones cited in this work, the catalyst will face
new challenges when it goes towards the use of real waste-
water streams. In fact, the complexity of the multi-
components mixture may rise competitive adsorption phe-
nomena [12]; moreover, the presence of inorganics or high
molecular weight organics can lead to fast deactivation [161].

Focusing on the latter, also the studies with model com-
pounds, despite trying to assess the stability, are often
referred to short runs, and so insufficient to probe the stability
as demanded by chemical industry. Furthermore, studies on
catalyst synthesis scalability and regeneration protocols
should be developed.

Technological perspectives

The literature cited herein applies the APR to simple model
compounds, since its aim is the study and development of
effective catalysts. However, the application of APR is devoted
to the valorization of complex multicomponent mixtures, as it
is the case of biorefinery wastewater streams. For this reason,
in the last decade, the research started to investigate such
feedstocks. Due to is versatility, APR could be applied to treat
the water fractions derived from lignocellulosic biomass pro-
cessing (e.g. not fermentable sugars post hydrolysis, aqueous
phase from pyrolysis and hydrothermal liquefaction, etc.),
aqueous effluents from food processing (e.g. breweries,
cheese factories, etc.), crude glycerol from the biodiesel sector,
and others [162]. Most of these works used simple catalytic
systems (typically monometallic platinum catalysts), however
they provide a range of hydrogen productivity into a more
industrially relevant environment. For example, referring to
the brewery wastewater, it was estimated that about 294 mL
H,/g COD could be produced via APR, while anaerobic diges-
tion could reach roughly half (150 mL H,/g COD) production
[8]. Under the economic point of view, Larimi and coworkers
showed that glycerol APR has lower production cost than
glycerol steam reforming (3.55 vs 3.65 $/Kg), and this is
competitive with other technologies which aim at a renewable
hydrogen production (such as biomass gasification, dark
fermentation, solar thermal electrolysis) [163,164]. Globally,
the application of APR at industrial scale can be competitive if
the cost of the feedstock is competitive as well. As a matter of
fact, it can account for most of the production cost (e.g. up to
92% in the case of hydrogen from sorbitol syrup [165]).

Conclusion

Aqueous phase reforming has been conceptualized as a stra-
tegic process for the valorization of biomass-derived com-
pounds for hydrogen production. Since 2002, most of the
literature focused on the pursuit of the optimal catalytic
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system that maximizes activity, selectivity and stability.
Despite the efforts, the complexity of the reaction and the
intercorrelation among the variables hindered, at the
moment, the possibility to turn this process from the labora-
tory to the industrial scale. The aim of the present review was
reporting, in a comprehensive way, the influence of several
variables which can affect each of the three figures.

Scope of the preparation method was mainly maximizing
the dispersion to increase the number of available active sites.
Alternative methods to the conventional impregnation tech-
niques, such as ionic exchange, sol-gel and microemulsions
reached this aim. Furthermore, they modified the electronic
properties of the metal, for example via alloy formation or
strong metal-support interaction, which in turn affected the
reducibility, the tendency to CO binding or sintering.

Theoretical investigation and first-principle methods,
such as DFT, showed the intrinsic predisposition of metals to
activate one or another pathway. Among the others, Pt
showed higher tendency to C—C cleavage than C—O cleavage,
maximizing the hydrogen production. The use of a promoter
allowed to exalt or suppress some characteristic features of
the monometallic catalytic form. Different promotion phe-
nomena were reported. Ensemble (or geometric) effects were
shown when Sn addition hindered the CO methanation on
Ni-based systems; stabilizing effects have been attributed to
Ru and Rh when protected Pt from coke deposition and sulfur
poisoning, respectively; ligand (or electronic) effects were
largely reported when the promoters decreased the interac-
tion between carbon monoxide and Pt active site, favoring
WGS (Re, Co, Fe, Mo). Overall, it has been widely documented
that the second metal can tune the catalyst modifying the
binding energy with reactants, intermediates or products,
improving the reducibility of the first metal or its dispersion,
changing the surface acid-base properties. Each of these
modifications can have a different degree of importance, and
it depends on the catalytic system as a whole. For example, it
seemed that increasing the metal surface area is more
important than the increase of (weak) basic properties,
which in turn play a more important role than the metal
reducibility. Trade-off is ubiquitous in the design of the
optimal catalyst, as the example of the choice of the metal
particles exemplifies. Despite results are not totally
coherent, we can assume that the size of the particles mainly
affects the selectivity, with the smaller ones favoring dehy-
drogenation and C—C cleavage, while the bigger ones favor-
ing dehydration and methanation; if the conversion is
affected, this is higher for larger particles, which caused less
coke deposition as well.

Finally, the choice of the support mainly affected the
dispersion thanks to its surface area and favored (or not)
dehydration acid-catalyzed reactions. Basic character of the
support was linked to the promotion of water gas shift and, in
turn, to higher hydrogen production. The hydrothermal sta-
bility, such as the case of Al,0; and MgO, is a severe issue that
can be overcome properly modifying the surface composition
and morphology.

Despite several challenges remain to be tackled, we
strongly believe that the developments in the field of catalysis
through innovative preparation methods, rational design and
in situ characterization techniques can pave the way to the

synthesis of effective catalysts for aqueous phase reforming
and sustainable hydrogen production.
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