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Nanocatalysts, more precisely solids nanomaterials with catalytic properties to be used as
heterogeneous catalysts, are an extended and very diverse group of nanostructured materials
representing, at present, an active area of research with application in many catalyzed processes.
Therefore, this research area not only can lead to significant advances for their potential technological
applications, but also must engage a large variety of new materials. For the characterization of
the studied nanocatalysts, many different techniques and experimental methods should be used to
reveal both the structural and superficial properties of these materials. The scope of the Special Issue
“Application of New Nanoparticle Structures as Catalysts” was to provide a non-systematic overview
with current research studies in the field of developing nanocatalyts. Practically all the nanomaterials
compositions presented as examples in this issue are different from each other, both in their chemical
composition of the structured nanomaterials, or in relation to the catalyzed reactions where they are
applied. In this way, in this Special Issue, nine selected original research paper and one comprehensive
review are collected. More than 40 scientists from universities and research institutions contributed
their research studies and expertise for the success of this Special Issue.

The scientific contributions are summarized in the next paragraphs.
An analysis of the recent studies concerning transition metal nitrides applied as heterogeneous

catalysts is presented in the review carried out by Dr. Dongil [1]. These materials have a clear interest
because they can substitute noble metals in different catalyzed processes. With these nanomaterials,
numerous possibilities are opened for new structures for metal nitrides; since chemical ingredients
can be combined as mono-, binary and even ternary mixtures or the addition of promoters can be
accomplished during the preparation procedures. The description of the most employed synthetic
methods is revisited and the application of some transition metal nitrides in different catalyzed
reactions, hydrotreatments, oxidations and ammonia synthesis/decomposition is reported.

Two of the contributions of this Special Issue are related to Metal Organic Framework (MOF)
nanostructures. The development of these MOF nanomaterials is, at present, one of the major subjects
in fundamental research due to, among others, their potential applications as catalytic materials or as
selective adsorbents. In the contribution by Zamaro et al. [2], the preparation of nanocatalysts derived
from the MOF named UiO-66, when used as support for three transition elements (Cu, Co, and Fe),
is described. These materials are evaluated in two CO oxidations: oxidation with air and selective
oxidation in a hydrogen-rich stream. The main aim of this research is to find reaction conditions where
these new nanostructures can be, for these processes, an alternative to the commercial catalysts based
on expensive noble metals.

In the second contribution regarding MOFs by Ordonez et al. [3], a very important aspect when
nanomaterials are proposed for a real application is emphasized. Thus, the solid material should be
submitted to physic-mechanical treatments, such as grinding or pelleting, in order to transform the
original powder into granules, which can be used at industrial scale. Three commercial materials
([Cu3(C9H3O6)2], [C9H3FeO6] and [C8H5AlO5]) were studied as methane adsorbents in a fixed bed

Nanomaterials 2020, 10, 1686; doi:10.3390/nano10091686 www.mdpi.com/journal/nanomaterials1
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reactor. It was concluded that all these materials suffer structural and textural modifications when
subjected to pressure, and consequently their adsorption capacities are largely reduced.

Two other research papers in this issue are related with mixed transition metal oxides. In the
contribution by Illán-Gómez et al. [4], the authors synthesized, characterized and tested a series of
perovskites (BaFe1−xCuxO3 with x = 0, 0.1, 0.3 and 0.4). The target reaction for these nanocatalysts is
the soot oxidation, as method for avoiding the atmospheric contamination by exhaust gases of car
engines. These perovskites catalyze both the NO2 oxidation of Diesel soot and, but to a lesser extent,
the soot oxidation by O2 of Gasoline engines. The catalytic activities of these perovskites seem to be
related to the amount of oxygen evolved during temperature programmed desorption experiments,
which decreases when increasing the copper content.

In the case of the contribution by Cauqui et al. [5], a mixed oxide (ZrO2 with different loadings of
Ce, Ca and Y) is used as a support of Ni nanoparticles. In this study, the synthesized nanomaterials
are extensively characterized by complementary methods and techniques, and evaluated as catalysts
for the aqueous-phase reforming of methanol. Focusing on the effect of the redox properties of ceria
and the basicity properties induced by Ca or Y, it is revealed that the availability of Ni-metallic at the
surfaces and the presence of weak basic sites, particularly derived from Ca incorporation, is the key
parameter for improving the catalytic performance.

Y. Wang et al. reported on the use of the surface plasmon resonance effect, in this case in a metal
nanocomposite, AuPt/N–TiO2, used as a photocatalyst [6]. While the Au nanoparticles were used to
obtain energy from visible-light, Pt nanoparticles work as a cocatalyst, trapping the energetic electrons
from the semiconductor support. With this material, the selective oxidation of benzyl alcohol under
visible-light irradiation can be performed with a markedly enhanced selectivity and yield. An extensive
series of irradiation experiments shed light on relevant information concerning the different steps of
the photocatalytic mechanism with this material.

Fernández-Morales et al. reported a comparative study of diverse materials, in general solid
catalysts with acidic surface properties, when applied to the reaction of isobutene dimerization
to C8 olefins [7]. The exposed surface catalytic sites were conveniently characterized in order to
interpret catalytic performances. In general, catalytic materials with a higher amount of Brønsted acid
sites display improved catalytic performance, but for achieving an optimum selectivity towards C8
compounds, a combination of the nature of acidic sites and structural characteristics of the catalytic
materials is required.

In the contribution by Ramirez-Barria et al. [8], an extended series of graphenic materials (doped or
not with nitrogen adatoms, with different textural properties, etc.) were prepared and applied as
electrocatalysts for the demanding oxygen reduction reaction. The material with nitrogen doping
and with smaller grain sizes was demonstrated to be the most efficient electrocatalyst. Moreover,
all nitrogen-doped graphenic materials show high tolerance to methanol poisoning and good stability.

The approach of Faroldi et al. [9] for the study of a new heterogeneous catalysts for the dehydrogenation
reaction of formic acid, generating high-purity hydrogen, is also of great interest. Instead of noble metal
catalysts, they prepared and characterized Ni-based catalysts supported on silica, which were doped with
calcium in order to facilitate the adsorption-decomposition of the reactant. From the results of the catalytic
performance (100% conversion with a 92% of selectivity to hydrogen) at a moderate reaction temperature,
160 ◦C, it can be concluded that these materials were very promising for this application. In fact, these
results for catalytic behavior are comparable to those reported for noble metals.

Another example of a complex catalytic multicomponent material with an interesting potential
application is reported by Ivars-Barcelo et al. [10]. In this case, the composite materials are based on noble
metal particles (Pd or bi-metallic Ag/Pd) supported over an iron oxide (Fe3O4) with a magnetite structure.
The catalytic application of these materials is the direct methane partial oxidation into value-added
chemicals as formaldehyde. The presented preliminary catalytic results confirmed the potential of
magnetite-supported (Ag)Pd catalysts for CH4 partial oxidation into formaldehyde, with incipient methane
conversion starting at 200 ◦C, but with very high selectivity above 95%. The prepared nanocomposite

2



Nanomaterials 2020, 10, 1686

materials were investigated by different physicochemical techniques, with the purpose of relating the
structural and superficial properties of these nanocatalysts with their detected catalytic performances.

In conclusion, the papers collected in this Special Issue can be described as an impressionistic
painting with brushstrokes of different aspects of new developments of catalytic materials. All of them
include complementary features involved in the design of special nanocatalysts: preparation-treatments,
intensive characterization and evaluation as catalysts in various reactions of applied interest. Although
the present Special Issue can cover neither all the research of new structures used as nanocatalysts nor a
complete list of application in catalyzed processes, the editors are confident that its contributions to
fundamental research will offer new perspectives for the readers.
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Abstract: This short review aims at providing an overview of the most recent literature regarding
transition metal nitrides (TMN) applied in heterogeneous catalysis. These materials have received
renewed attention in the last decade due to its potential to substitute noble metals mainly in biomass
and energy transformations, the decomposition of ammonia being one of the most studied reactions.
The reactions considered in this review are limited to thermal catalysis. However the potential of these
materials spreads to other key applications as photo- and electrocatalysis in hydrogen and oxygen
evolution reactions. Mono, binary and exceptionally ternary metal nitrides have been synthetized
and evaluated as catalysts and, in some cases, promoters are added to the structure in an attempt to
improve their catalytic performance. The objective of the latest research is finding new synthesis
methods that allow to obtain smaller metal nanoparticles and increase the surface area to improve
their activity, selectivity and stability under reaction conditions. After a brief introduction and
description of the most employed synthetic methods, the review has been divided in the application
of transition metal nitrides in the following reactions: hydrotreatment, oxidation and ammonia
synthesis and decomposition.

Keywords: heterogeneous catalysis; transition metal nitrides

1. Introduction

In the last decade strong interest has emerged in the field of nitrogen-doped catalysts,
especially since new carbon nanostructures have been successfully synthetized. In those structures
nitrogen can be easily inserted as heteroatoms due to its similarity to carbon, and as a doping agent it
offers new possibilities in the field of catalysis [1]. Nitrogen confers basic sites for optimal reactant
adsorption and an excellent electron density that may improve the catalytic performance due to the
better dispersion of the active phase and the changes in the electronic properties [2].

Transition metal nitrides have been traditionally employed as catalysts in reactions such as
hydrodesulfurization or ammonia synthesis [3]. Nowadays, researchers face new challenges in
catalytic transformations to find active and selective catalysts in the fields of energy or biomass
including reactions such as hydrodeoxygenation, water-gas shift and CO and CO2 hydrogenation
among others [4].

Noble metals have been widely studied on those reactions. However economical catalysts based
on abundant materials are more suitable for industrial applications. Hence, the need of searching new
catalyst able to replace noble metals and the positive effect of nitrogen doping in several transformations,
have brought up renewable attention to transition metal nitrides. These materials can donate electrons
from the nitrogen atom and possesses high chemical, mechanical and thermal stability. Also importantly
for thermal catalytic applications, when optimal synthesis conditions are employed, nitrides can reach
relatively high surface areas of at least 90 m2/g [5].

Nanomaterials 2019, 9, 1111; doi:10.3390/nano9081111 www.mdpi.com/journal/nanomaterials5
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Transition metal nitrides are compounds in which nitrogen is incorporated into the interstitial
sites of the metal structure. Since the size of the nitrogen atom is small (0.065 nm), it fulfills the Hägg
rule (i.e., the ratio of the radii of non-metal to metal is less than 0.59, this allowing the formation of
simple typical structures as compiled in Figure 1 [6].

As it can be expected the reactivity of the resulting transition metal nitride is different from
that of the parent metal. In general, two main effects can be considered when nitrides are used in
catalysis [7,8]:

(a) Ligand effect: Nitrides have a different electronic structure compared to the parent metal. This is
due to the charge transfer from the metal to the non-metal, hybridization of the metal d-states
with the non-metal sp-states, and expansion of the metal–metal lattice spacing. These changes in
the electronic structure, modify the chemical reactivity of the parent metal so that the strenght of
adsorption of reactants and products is similar to noble metals, this improving the selectivity of
the reactions.

(b) Ensemble effect: When nitrogen is located on the metal surface, it may decrease the number of
available metal sites, also creating different adorption sites. This effect can be somehow tuned by
changing the metal to nitrogen ratio.

2. Synthesis and Structural Properties

Metal nitrides can be prepared among other methods by thermal treatment of the metal precursor
obtained from template methods [9], ball milling [10,11] or temperature programmed reaction/reduction
procedures [12].

Template methods are based on the use of a sacrificial template, normally MgO, to which a
mixture containing the metal precursor is added followed by thermal treatment at high temperatures
and extensive wash to remove the MgO template. In this way Metal-N entities are well dispersed in
a carbon based matrix. In the ball milling method, the solid metal precursor either commercial or
lab-made are submitted to milling under pressure and connected to a supply of the nitridation agent,
N2 or NH3.

So far, the most employed method to synthetize transition metal nitrides is a temperature
programmed reaction/reduction procedure. The method consists in a reductive nitriding treatment
under a gas flow (i.e., NH3 or a mixture of N2:H2) of the corresponding metal oxide precursor to
produce the nitride [12]. The characteristics of the final nitride depend on the precursor and preparation
conditions such as heating rate and final temperature. It was reported that higher areas are obtained
when heating rates below 1 ◦C/min and/or high gas space velocity (150,000 h−1) are used, as these
conditions reduce sintering due to water release [13,14]. Other nitrogen sources such as urea or
m-phenylenediamine have been employed in order to improve the efficiency of the nitridation [15,16].

The use of nitrogen-rich transition metal nitrides in catalysis is very promising. However,
the synthesis of TMN with high nitrogen to metal ratio is energetically demanding. This has prompted
researchers to find aternative methodologies and new structures such as polymorphs of Zr3N4, Hf3N4,
Ta2N3, and noble metal dinitrides OsN2, IrN2, and PtN2 have been explored [17].

Figure 1. Value of the nitrogen chemical potential (μN) where the nitrogen covered surface becomes
more stable than the clean metal surface; Reproduced from [18], with permission from American
Chemical Society, 2018.

Sautet et al. [18] recently studied the nitridation of transition metal surfaces and tried to offer
some insight into the synthesis and stability of transition metal nitrides under working conditions.

6
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The authors studied fifteen transition metals and using theoretical and experimental techniques
evaluated the extent of nitridation (surface vs. bulk) depending on the metal and the shape of
nanoparticles. By using the nitrogen chemical potential at which metal covered by nitrogen is more
stable than bare metal, the authors were able to stablish a nitridation trend among the studied serie.
As depicted in Figure 1, Mo, W, Fe and Re are more easily nitrided, becomign more difficult when
moving to the right hand side of the periodic table, i.e., less oxophilic metals, which agrees well with
previous experimental results [19,20].

The most studied transition metal nitride in catalysis is molybdenum. In general cubic γ-MoNx

(0.5 ≤ x < 1) is obtained by NH3 treatment of the oxide precursor, MoO3, while mixtures of H2 + N2

lead to the formation of tetragonal β-MoNx (x ≤ 0.5) or γ-MoNx. Hexagonal δ-MoNx (x ≥ 1) is obtained
from MoS2 and NH3. Similarly, the content of nitrogen on iron nitrides influences their structure,
so upon increasing the nitrogen content, the lattice structure changes from fcc γ’-Fe4N to hcp ε-FexN
(2 < x ≤ 3) and to orthorhombic ζ-Fe2N. In Figure 2, the most common structures of transition metal
nitrides are shown.

Body centered cubic (bcc)         Hexagonal close packed (hcp)         Face centered cubic (fcc) 

Figure 2. (a) bcc: TiN, ZrN, HfN, VN, CrN; (b) hcp: Mo2N, W2N; (c) fcc: MoN, TaN. Blue points
represent transition metal atoms and brown points nitrogen atoms. Adapted from [6], with permission
from Wiley, 2013.

3. Transition Metal Nitrides as Catalyst

3.1. Hydrotreatment Reactions

Transition metal nitrides are considered excellent candidates to replace noble metals in
hydrogen-treatment reactions since they show similar or even better performance than noble metals.
It has been reported that Mo nitrides can easily chemisorb hydrogen due to the contraction of the d-band
and the changes in the electron density that result as a consequence of the interstitial incorporation of
N in the Mo metal lattice. Moreover, in the Mo2N-based catalysts hydrogenation reaction occurs over
nitrogen vacancies, so Mo/N ratio also influences the catalytic performance [21].

Both CO and CO2 hydrogenations are very interesting reactions since they overcome key
environmental challenges while providing energy or valuable chemicals. On the one hand CO
hydrogenation can be employed to purify H2 gas streams before feeding to fuel cells to avoid poisoning.
On the other hand, CO2 hydrogenation has been appointed as a solution to reduce the amount of CO2

evolved to the atmosphere from the industrial activity and convert it to fuels and chemicals [22,23].
However CO and CO2 hydrogenation face several challenges. CO2 activation is difficult due to

the inert nature of the molecule and the cleavage of the C−O bonds in CO2 demands high activation
energy. Also, methanation of CO and CO2 which provides an efficient alternative to conventional
natural gas, is highly exotermic. The produced reaction heat favours metal sintering, which decreases
the catalyst activity. Catalyst deactivation can also take place when carbon deposits on the active phase.

Zaman et al. [24,25] have studied the influence of adding alkali promoters to the Mo2N systems in
CO hydrogenation. The synthesis in both cases was performed by a simple temperature programmed

7
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treatment of the molybdenum and alkali precursors under ammonia flow. This leads to a material
containing a mix of different phases: Mo, Mo2N, Mo oxide and alkali-Mo oxide phase.

The promotion with alkalis favoured the conversion to oxygenates, i.e., methanol, ethanol and
propanol. Cesium was found to be better promoter to oxygenates at 5% wt. (28% selectivity to
oxygenates vs. 11% with Li promoted and 6.5% with unpromoted). The lower selectivity achieved
with Li compared to Cs was attributed to the formation of Li2MoO4 phases during nitridation.

On the other hand, bare Mo2N leads to the preferential conversion of CO to hydrocarbons,
which can be ascribed to (i) CO dissociative hydrogenation and (ii) water-gas shift reaction, as shown
in Figure 3. However, the presence of alkali hinders CO dissociation, which benefits the molecular
insertion of CO into—CHx intermediate and promotes the coupling of alcohols.

Figure 3. Plausible CO hydrogenation reaction pathways on Mo2N and K-Mo2N catalysts.
Reproduced from [25] with permission from Elsevier, 2018.

Regarding the effect of alkali loading, the authors performed a thorough study with potassium
as promoter using several weight percentages: 0.45, 1.3, 3 and 6.2% [24]. The best selectivity to
oxygenates, 44%, was obtained over promoted K-Mo2N with a K/Mo surface ratio of 0.06 which also
corresponded to the best K distribution among the samples. The XRD showed that both γ-Mo2N cubic
and monoclinic K2MoO4 were formed and this latter phase seems to increase upon K addition further
than 3% wt, this being detrimental for K distribution and hence for oxygenates conversion.

Methanation, is the catalytic hydrogenation of carbon oxides (CO and CO2) to obtain synthetic
natural gas. Ru, Rh and Ni catalysts have proven to offer good catalytic performance in terms of
activity and selectivity to methane which can be further improved by using bimetallic systems and
optimizing catalyst synthesis method [26].

Methanation and hydrodesulfurization of dibenzothiophene was studied over molybdenum
nitride by Zhao et al. [27]. The authors were able to synthetize a rich nitrogen molybdenum nitride
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using high pressure, 3.5 GPa, through a solid-state ion exchange reaction. This new nitride, 3R−MoN2

holds a rhombohedral R3m structure, isotypic with MoS2. However it offered catalytic activities three
times higher than MoS2 for the hydrodesulfurization of dibenzothiophene and over twice as high in
the sour methanation of syngas at 723 K.

The binary nitride, Ni2Mo3N, was studied by Leybo et al. [28] in the methanation of CO2. Yet,
modest selectivites to CH4, ca. 20%, were obtained and the active phase suffered sintering upon
reaction conditions, decreasing the stability of the catalyst.

Besides molybdenum other metal nitrides have been tested in methanation reaction. For example
co-methanation of CO and CO2 have been evaluated by Li et al. [29] over cobalt nitrides supported on
alumina. The authors studied the effect of metal loading on Co4N/γ-Al2O3 and Co/γ-Al2O3 catalysts.
According to the characterization, the cobalt nitride favoured stronger interactions with the support,
this improving the dispersion of the nanoparticles and also their resistance to coking and metal sintering
after 250 h which, as previously mentioned, is critical in such a exotermic reaction. Moreover, it was
confirmed that the nitrogen atoms improved the adsorption of reactants due to their basicity, leading to
better catalytic performance compared to the Co metal supported catalysts. The better results were
also explained by the uniform metal dispersion and superior metal-support interaction.

Fisher-Tropsh is a well-known transformation to convert syngas, CO+H2, into liquid hydrocarbons
and that was very relevant in catalytic research in the 70–80s due to the oil crisis. Now, it has revised
attention since it can also use syngas from biomass to produce fuels and chemicals. The most studied
systems are those based on iron as they offer optimal results under a variety of conditions that allow to
tune the selectivity, and are economically interesting. However, under reactions conditions the water
produced can oxidize the catalyst with its subsequent deactivation [30].

Bao et al. [31] studied the confination effect of FeN cubic nanoparticles inside carbon nanotubes
(FexN-in) (see Figure 4). Firstly, FeN supported on CNT resulted 5–7 times more active than FeN
supported on silica and metallic Fe on CNT. This seems to be related to the better stability of the
nitrides under CO hydrogenation conditions compared to metallic and carbide iron which are oxidized
by water, resulting in catalyst deactivation. Also, the catalyst where FeN nanoparticles were selectively
loaded inside the CNT was more active than the catalyst with FeN nanoparticles mainly dipersed on
the external walls, FexN-out, (1.4 times). The authors explained the better activity of the confined
nanoparticles by the lower particle size and the formation of more FeCxN1x entities on FexN-in than
on FexN-out during reaction, leading to stronger retention of nitrogen atoms in the lattice.

 

Figure 4. Reproduced from [32], with permission from Royal Society of Chemistry, 2011.

In contrast to the activity and stability enhancement of iron nitride compared to its parent metal,
cobalt nitride seems to be a poison for FT synthesis. In literature it was reported that by adding a
nitrogen source such as acetonitrile or ammonia to the FT gas feed, cobalt nitride phases are formed
which result in catalyst deactivation by deposition on the most active metallic cobalt sites (steps and
edges) [32].
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So far, theoretical results have predicted that CO adsorption and dissociation over γ-Mo2N(111)
has a similar activation barrier to that of MoS2, so similar activity for syngas conversion can be
expected [33].

CO2 dry reforming of methane (DRM) has received much attention, as it transforms two greenhouse
gases (CH4 and CO2) into syngas. The most studied catalysts have been noble metals, Ru, Rh and
non-noble metals such as Ni [34]. Some reports appeared using transition metal carbides due to
their low cost and similar structure compared to noble metals. However at atmospheric pressure,
carbides can easily be deactivated due to oxidation by CO2 or H2O [35]. Hence, alternatively nitrides
have been tested as potential catalysts for DRM.

Gu et al. [36] studied Mo2N, Ni3Mo3N and Co3Mo3N above 550 ◦C and atmospheric pressures
and found that a synergic effect is observed in the bimetallic nitrides that improve the activity and
resistance to oxidation and coke deposition on the DRM compared to the monometallic nitride Mo2N.
The most active and stable catalyst was Co3Mo3N which, among other factors, was ascribed to the
synergistic effect between the Mo and interstitial metal Co.

Owing to environmental concerns and the depletion of fossil resources, in the last decade
researchers have focus on the study of biomass derived compounds to obtain fuels and chemicals.
Since the starting lignocellulosic biomass owns a high oxygen concentration (>50%), most of the
transformations require selective removal of oxygen. More specifically, one of the most studied
reactions is hydrodeoxygenation (HDO). Under HDO condititions, the reactants can be also converted
through the decarboxylation/decarbonylation (DCO) path, promoting the C−C cleaveage which is
undesirable for fuels and chemicals.

For example, Monnier et al. [37] studied the conversion of oleic acid and canola oil with nitrides
of Mo, W, and V supported on γ-Al2O3. The Mo2N catalyst exhibited superior activity for oleic acid
conversion compared to the other nitride catalysts, and also favored the HDO route vs. DCO. The HDO
path produces preferentially n-C18H38 (diesel fuel cetane enhancers). Also, Mo2N/γ-Al2O3 was stable
in continuous hydrotreatment of canola oil at 400 ◦C under 83 bar hydrogen, reaching a constant yield
of 50% middle distillates.

Murzin et al. [38] studied Ni and Mo2N-MoO2 on the HDO of more complex reactants,
Chlorella algal oil extracted with supercritical hexane and stearic acid, at 300 ◦C under 30 bar in
the presence of hydrogen. The catalysts were selective to fatty acids, indicating deactivation of
decarbonylation sites. The catalyst Mo2N-MoO2, despite being less active than the Ni based catalysts,
was more stable and it showed no deactivation after a 360 min test. These results open new possibilities
that should be explored regarding mixtures of nitrides and oxides. Nitrides are known to be
deactivated in the presence of water due to oxidation, but these oxides might tolerate better the
presence of impurities, enhancing their stability.

Zhang et al. [39] prepared cobalt nitride supported on a nitrogen doped carbon CoNx@NC
using cellulose and ammonia as the carbon and nitrogen source respectively at different synthesis
temperatures from 500 to 800 ◦C. The catalysts were tested in the HDO of eugenol at 2 MPa H2 and 200 ◦C.
According to the reaction results, the reaction follows different paths when using nitrides or metallic
cobalt. While the nitrides favour the cleaveage of the C-aryl−OCH3 bond to form 4-propylphenol,
metallic cobalt promotes the hydrogenation of the alkene moiety. The best catalyst was CoNx@NC-650
which displayed the largest surface area and dispersion of the nitrides nanoparticles. The catalyst was
also successfully tested to promote the HDO of phenolic compounds.

Supported CoNx on carbon nanotubes on the hydrogenation of nitrobenzene and hydrogenated
coupling of nitrobenzene with benzaldehyde was studied by Zhang et al. [40] as schematized in
Figure 5. Some catalytic tests verified that catalytic activity was mainly due to the CoNx entities and
the authors also suggested that the activity was mainly due to the cobalt chelate complexes bonded to
nitrogen atoms of the graphene lattice.
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Figure 5. CoNC/CNT active sites on nitro compounds hydrogenation and hydrogenated coupling
of nitrobenzene with benzaldehyde. Reproduced from [41], with permission from Royal Society of
Chemistry, 2016.

Lodeng et al. [41] compared the activity of molybdenum nitride, carbide, and phosphide supported
on TiO2 on the HDO of phenol at 25 bar and in a temperature range between 350 and 450 ◦C. All the
catalysts were highly active to benzene and only minor amounts of aromatic ring hydrogenation
were obtained. Molybdenum nitride displayed lower activity compared to its carbide and phosphide
counterparts, but its selectivity to cyclohexene was higher than that of phosphide and similar to carbide.

Hydrogenation of −COH moieties constitutes one of the most interesting and studied reactions in
fine chemistry since it allows obtaining a high number of compounds that are used for example in
pharmaceuticals and/or fragances. Reactants such as cinnamaldehyde or crotonaldehyde have been
widely studied in an attempt to heterogeneized the catalytic system. The catalysts must be selective to
the unsaturated alcohols without reducing the C=C bonds. With that aim heterogeneous catalysts
based on noble metals mainly Ru, Pd and Pt have been widely investigated with good results in terms
of activity and selectivity [42] and the significant role of nitrogen improving the selectivity to the
desired products have also been reported [43]. To date, these specific transformations has been tested
with bimetallic systems of metal nitrides and noble metals.

Fu et al. [44] have used a previously functionalized support to obtain small nitrides nanoparticles
supported on the mesoporous silica SBA-15. The synthesis of Mo2N over SBA-15 started by
functionalizing the support with a monoamine that is located homogeneously into the pores of
the support as shown ion Figure 6. This amine is then used as anchoring point for the molybdenum
precursors which preferentially adsorbs on the moieties. Then, the procedure follows the previously
explained temperature reduction procedure in NH3. Finally the noble metal is impregnated and
reduced with NaBH4 forming bimetallic phases with Mo2N. In this way, Mo2N and Pt nanoparticles
with a size of about 8.0 and 5-6 nm respectively were obtained with metal loadings of Mo (22% wt.)
and Pt (3% wt.).

Then, Pt/Mo2N/SBA-15 with different Pt loadings (1–3% wt.) was tested in the chemoselective
hydrogenation of cinnamaldehyde. Both activity and selectivity to the cinnamyl alcohol was higher
over Pt/Mo2N-based catalysts than over monometallic Pt/SBA-15, that the authors ascribed to the
synergy between Pt and Mo2N nanoparticles and the more efficient use of the Pt surface on the
bimetallic sample.

In the work of Thomson et al. [45], some more insight was given regarding the reaction mechanism
and nature of active phases. To do so, the authors used a thorough experiment by hydrogenating a high
surface areaγ-Mo2N to obtain a partially hydrogenated entityγ-Mo2N-Hx. Then, by combining H2-TPD
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experiments and DFT simulations three different hydrogen species were identified: surface nitrogen
bound (κ1-NHsurf), surface Mo bound (κ1-MoHsurf) and subsurface Mo-bound (μ6-Mo6Hsub).

 

Figure 6. Synthesis of Pt-Mo2N-SAB-15. Reproduced from [45], with permission from American
Chemical Society, 2016.

The reactivity of these species was assessed by testing them in the hydrogenation of crotonaldehyde.
Accordingly, the authors proposed that reaction starts by a heterolytic dissociation of H2 to form surface
NH (κ1-NHsurf) and MoH (κ1-MoHsurf) as schematized in Figure 7. Then, since subsurface interstitial
H site (μ6-MoHsub) is more energetically favored than surface κ1-MoHsurf, hydrogen migrates into
the lattice. Moreover, based on the catalytic results the authors proposed that surface and subsurface
species MoH (κ1-MoHsurf/μ6-MoHsub) are more selective to the hydrogenation of the C=O bond and
the surface κ1-NHsurf sites hydrogenate preferentially the C=C bond.

 
Figure 7. Reproduced from [45], with permission from American Chemical Society, 2016.

The selective hydrogenation of acetylene to ethylene is an important transformation since ethylene
is the monomer to produce polyethylene polymers and it has a strategic relevance in refineries,
being critical its high purity production.

The catalytic behaviour of β- and γ-Mo2N in the partial hydrogenation of acetylene was evaluated
by Lizana et al. [46] that studied the influence of synthesis parameters on textural properties of the
nitrides and its effect on the catalytic performance. The results showed that selectivity of both β- and
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γ-Mo2N was higher than over Pd-based catalysts. Also, β-Mo2N which displays higher surface Mo/N
ratio compared to γ-Mo2N, offered lower selectivity to partial hydrogenation and a two-fold higher
specific acetylene hydrogenation rate.

Altarawneh et al. [47], used computational methods to study mechanism of the selective
hydrogenation C2H2 over γ-Mo2N to C2H4 rather than complete hydrogenation to the
corresponding alkane.

Reactions take place through H2 adsorption followed by dissociation. The authors obtained the
modes of H2 adsorption as shown in Figure 8: 3-fold hollow fcc (H1) and 4-fold hollow fcc (H3) sites
over the (111) and (100) terminations of γ-Mo2N, respectively.

 

Figure 8. H2 adsorption sites on Mo2N (111) and (100) faces. Reproduced from [48], with permission
from American Chemical Society, 2016.

In agreement with experimental results, this work seems to confirm that dissociation of H2

occurs over nitrogen vacancies. It is also proposed that the lower stability of the partial hydrogenated
molecule, C2H4 leads the selectivity.

Another interesting reaction within fine chemistry is the hydrogenation of nitroaromatic
compounds, since aromatic haloamines are important intermediates in the manufacturing of drugs,
pesticides, and pigments among others. The reaction has been successfully performed over Au [48],
Ir [49] and Pd [50] catalysts supported over a variety of materials.

Keane et al. [51] demonstrated experimentally that Mo2N improved the performance of Au in
the selective hydrogenation of p-chloronitrobenzene (p-CNB) to p-chloroaniline (p-CAN) reaching
100% selectivity to p-CAN, a four-fold higher hydrogenation rate compared to Au/Al2O3 and showed
stability upon several cycles.

The system Pd/Mo2N was an effective catalyst for the hydrogenation of p-nitrophenol (PNP) to
p-aminophenol (PAP) [52]. In this study, the authors synthetized Pd/Mo2N nanoparticles of 2–3 nm
size over SBA-15. The high dispersion improved the interaction between Pd and the nitride so that
1 wt% Pd–Mo2N/SBA-15 showed better catalytic performance than 1 wt% Pd/SBA-15 and 20 wt%
Pd/SBA-15. In Figure 9 the proposed reaction mechanism over the Pd–Mo2N/SBA-15 is shown.
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Figure 9. Catalytic conversion mechanism of PNP into PAP over the Pd–Mo2N/SBA-15 hybrids in the
presence of NaBH4. Reproduced from [53], with permission from American Chemical Society, 2018.

Wu et al. [53] reported a green solvent-free synthesis method for CoNx entities supported on
doped mesoporous carbon materials (CoNx-OMC) with surface areas in the range 678–1250 m2/g,
high N content (4.3–10.8 wt%) and rich in CoNx sites as verified by XPS. The optimized CoNx-OMC,
thermally treated at 800 ◦C) catalyst showed an interesting catalytic performance on the hydrogenation
of several nitro compounds, i.e., 100% conversion, almost 100% selectivity and stable upon recycling,
under mild conditions (5 bar H2 pressure, 110 ◦C). According to the catalytic and characterization
results, a synergy effect is reached between CoNx sites and the nitrogen doped support. On the one
hand, the CoNx entity provides specific sites for the adsorption and activation of nitro groups. On the
other hand, the nitrogen heteroatoms of the support act as anchoring sites, increasing the dispersion of
the active components and facilitating mass transportation. Also, it was confirmed that cobalt nitride
was responsible of the activity and not the metallic Co nanoparticles.

Density functional theory calculations were performed by Altarawneh et al. [54] who studied the
hydrogenation of p-CNB to p-CAN over the model γ-Mo2N(111) surface. The results showed that
adsorption of p-CNB is thermodynamically favoured over Mo-hollow face-centered cubic (fcc) and
N-hollow hexagonal close-packed (hcp) sites with adsorption energies of −32.1 and −38.5 kcal/mol,
respectively. Also, the results are in agreement with previous experimental reports that described a high
selectivity to p-CAN at low temperatures, the direct path being preferential versus the condensation
route [55].

The theoretical results suggest that activated hydrogen, H*, is transferred from both fcc and hcp
hollow sites to the NO/−NH groups, the hydrogenation of chloronitrosobenzene being the rate-limiting
step with an energetic barrier of 55.8 kcal/mol. Also, the high energy barrier for direct fission of the
C−Cl bond excludes the formation of aniline.

Another industrial transformation of acetylene is the hydrochlorination to obtain vinyl chloride
monomer (VCM), the basic unit of polyvinyl chloride (PVC). Industrially this reaction is performed
using HgCl2 as catalyst, however due to environmental and health concerns, alternative systems have
been evaluated [56]. Among them, noble metal, i.e., Au, Pd, Pt and Ru over activated carbon, have been
the most studied, gold being the best in terms of activity and selectivity.
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Since it has been previously found that nitrogen doping can promote adsorption for HCl [57],
which is the VCM synthesis reaction rate-controlling step, a potential catalytic system is that consisting
of metal nitrides.

Dai et al. [58] studied V, Mo, and W nitrides (10 wt% metal loading) supported on activated
carbon. Their experiments showed that VN/AC offered very low activity in the reaction. Mo2N was
initially the most active, but deactivated with time to give lower conversion values than those reached
with W2N/AC. The selectivity to C2H3Cl was similar for all the tested nitrides and reached near 100%.
To further explain these results, TPD of the reactants, C2H2 and HCl, was performed and showed
that W2N/AC dislayed a stronger and similar interaction with both reactants, compared to the other
catalysts. However, Mo2N/AC which deactivates during reaction, showed an easy desorption of HCl
and difficult desorption of C2H2, this producing significant amounts of coke which can be responsible
of the observed deactivation.

The authors also studied binary Mo and Ti nitrides with different Mo/Ti ratios supported on
activated carbon for acetylene hydrochlorination [59]. All the binary nitrides displayed better catalytic
performance compared to the mononitrides and a Mo/Ti ratio of 3 was optimal among the studied
systems offering 89% conversion and selectivity over 98.5%. Apparently a synergy effect among Mo
and Ti occurs so that adsorption of HCl is enhanced while adsorption of acetylene is reduced.

Other chloro compounds have been evaluated with TMN. For example Keane et al. [60] studied
the gas phase hydrodechlorination of 1,3-dichlorobenzene (1,3-DCB) using molybdenum and tungsten
carbide (Mo2C, W2C) and nitride (Mo2N). fcc-Mo2N showed better activity (by a factor of 20) compared
to pure hcp- and fcc-carbides, that displayed similar activity.

3.2. Oxidation

The selective oxidation of carbon monoxide with low concentration of O2 (CO-PROX) is used
to purify hydrogen rich streams obtained from hydrocarbon reforming. So far, the most studied and
active system are the CuO–CeO2 and Pt based catalyst [61].

With the aim of finding more economical active and selective catalysts, the catalytic performance
of several transition metal nitrides have been assessed. For example, Yang et al. [62] studied the
effect of Co loading (1 to 10 wt%) on Co4N supported on γ-Al2O3. The cobalt nitrides displayed
similar activities compared Pt-group metals in the temperature range 200–220 ◦C. The sample 3 wt%
Co/γ-Al2O3 offered the best activity and selectivity in PROX reaction which could be related to the
higher concentration nitrogen vacancies in the near-surface that enhance the adsorption of reactants.

Selective oxidation of alcohols plays an important role in many industrial transformations such
as energy conversion and storage or the production of fine chemicals. The most studied and active
catalysts are supported Au Pt, Pd, Ag and Ru and other non-noble-metal catalysts such as Co and
Cu [63].

In order to test more economically viable alternatives Deng et al. [64] evaluated the catalytic
activity of iron nitride, FeN4, supported on graphene in the oxidation of benzene using H2O2 as oxidant.
The characterization suggested that atomically dispersed FeN4 were obtained and these entities were
also stable after reaction. The catalyst reached 23.4% conversion and 18.7% yield of phenol at room
temperature, however no comparison with other catalyst is given.

Later, Yuan et al. [65] studied several metal nitrides (MNx/C-T, M = Fe, Co, Cu, Cr, and Ni)
synthetized at different pyrolysis temperatures, T, in the oxidation of unsaturated alcohols. The most
active and selective catalyst to the corresponding aldehydes was the iron nitride. Among them,
the catalysts prepared by thermal treatment at 900 ◦C displayed the better catalytic performance in the
selective oxidation of HMF to DFF with almost complete conversion and selectivity exceeding 97%.
According to the characterization performed the authors suggested that when thermal treatment was
performed at lower temperatures, c.a. 600 ◦C, a higher concentration of nitrogen doped carbon was
formed, in detriment of iron nitride; and that nitrogen doped carbon offered lower activity. In contrast,
the formation of FeN4 was favored at higher synthesis temperatures, resulting in materials that offered
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better activity. Moreover, the activity of the recycled catalysts could be restored by thermal treatment
under NH3/N2.

With the aim of gaining more insight into the active sites of the Fe−N−C catalysts. Zhang et al. [9]
studied atomically dispersed Fe−N−C catalyst synthetized using nano-MgO as a template. The catalysts
were tested in the selective oxidation of the C−H bond of a wide range of aromatics, heterocyclic,
and aliphatic alkanes at room temperature. The catalysts showed high activity and selectivity of up
to 99%, as well as great reusability. The atomical dispersion of FeNx (x = 4 − 6) was verified using
sub-Ångström-resolution HAADF-STEM along with XPS, XAS, ESR, and Mössbauer spectroscopy.

The authors also reported that the concentration of each FeNx species depends on the pyrolysis
temperature. Among the studied samples, the most active was Fe−N−C-700 which is comprised of
high-spin FeN6 (28.3%), low-spin FeN6 (53.8%), and medium-spin FeN5 (17.9%) species, as shown
in Figure 10. This latter is over one order of magnitude more active than the other two species.
Upon increasing the pyrolysis temperature, the concentration of FeN5 decreases to less than 10%,
leading to lower activity.

 

Figure 10. Reproduced from [9], with permission from American Chemical Society, 2017.

3.3. Ammonia Synthesis and Decomposition

The production of ammonia through the Haber–Bosch Process was a technological breakthough
of the last century since it is a relatively easy way of obtaining a synthetic fertiliser. The process uses
promoted iron catalyst to produce ammonia from N2 and H2 at temperatures of ca 400 ◦C and high
pressure of around 100–200 atmospheres. The process of ammonia synthesis is so relevant that it
currently consumes near 1–2% of the world’s energy demand [66].

This data reveals that more efforts can be made to optimize the process as small changes on the
reaction conditions could have a huge impact on global energy consumption. Thus, despite being a
well-known process, several attempts have been performed to obtain more active and stable catalysts
to work under milder conditions [67].

In the last decades binary and ternary transition metal nitrides of the type Mo, Co and Fe have been
tested in both ammonia decomposition and ammonia synthesis. Simulations and experimental tests
have shown that cobalt molybdenum nitride, Co3Mo3N can be the most active catalyst for ammonia
synthesis, superior to the industrial iron catalyst and promoted ruthenium catalyst [68,69].

The synthesis of ammonia catalyzed by molybdenum nitride seems to be a structure-sensitive
reaction so that the bigger the particle size, the higher the intrinsic activity of the catalyst [70]. On the
other hand, the effect of the nanoparticle morphology does not seem to be so clear. Sun et al. studied
the synthesis of ammonia over plate-like γ-Mo2N and nanorod β-Mo2N and γ-Mo2N [71] and did not
find significant differences among them. Also, the synthesis conditions limit the comparison since
residual sulphur from the molybdenum precursor, Mo2S, can poison the catalyst.

In order to increase the dispersion of the nitrides and improve the stability, Ding et al. [72]
synthetized molybdenum nitride supported on HZSM-5, using MoOx as precursor and NH3 as
nitriding agent at 973 K. In this way molybdenum oxide exchanges with hydroxyl groups on the zeolite
surface and obtained a Mo to N ratio close to 2. The authors proved that this supported molybdenum
nitrides are more stable against oxidation by comparing with unsupported catalysts.
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The resulting catalyst, MoNx/ZSM-5, displayed excellent activity in the ammonia synthesis
under ambient pressure. A kinetic approach showed that the apparent activation energy for ammonia
synthesis on MoNx/ZSM-5 is around 20% lower than that on bulk Mo2N (9.8 kcal/mol vs. 12.4 kcal/mol).

Interestingly, the effect of reaction pressure was different on bulk Mo2N and MoNx/ZSM-5, i.e.,
higher reaction pressures are more favorable on the MoNx/ZSM-5 catalyst than on γ-Mo2N. The authors
suggested that this difference could be due to the interaction of nitrogen with the zeolite framework,
acting as an equivalent pressure which may enhance the pressure effect on the ammonia synthesis.
Another significant finding of this work is that upon increasing the Si/Al ratio of the zeolite, the catalytic
activity of MoNx increases.

Recently, Catlow et al. [73] used DFT calculations to evaluate the associative and dissociative
mechanisms of ammonia synthesis over Co3Mo3N. The results showed that in the associative
mechanism, Eley-Rideal/Mars van Krevelen, hydrogen reacts with nitrogen adsorbed and activated on
the surface to generate ammonia.

Promotion of cobalt molybdenum nitrides with other elements have been also studied.
According to Paweł Adamski [74] chromium and potassium were able to generate a well-developed
porous structure, increasing the activity of the catalysts in ammonia synthesis by 50% compared to the
non-promoted catalyst.

Ammonia decomposition has become a strategic research topic since it allows to obtain CO free
hydrogen to feed fuel cells. Ammonia can also be employed directly as fuel in vehicles since it has
a high energy density (8.9 kW h/kg), is easily liquified at room temperature and low pressure, i.e.,
less than 10 bar, and its narrow combustion range allows safe operation.

Many cataytic monometallic and bimetallic systems have been tested based on Fe, Ni, Co, Ru, Ir,
Pt or Rh, supported on several materials. Among them, ruthenium catalysts supported on different
carbon materials such as active carbon, carbon nanotubes showed the highest activity.

In all cases, researchers observed a low activity for ammonia decomposition reaction at
temperatures below 400 ◦C, since recombinative desorption rate of the adsorbed N atoms from
active metals is slow at those conditions [75]. Also, hydrogen molecule seems to cover active sites over
Ni- and Ru catalysts, this hindering the ammonia decomposition reaction. Hence, despite being well
studied systems, the temperatures required and the use of noble metals should be avoided to make the
process technical and economically feasible.

Eguchi et al. [76], studied the effect of a second transition metal on Mo nitride based catalysts,
prepared by temperature-programmed reaction under NH3 flow of the oxides precursors: MoO3,
CoMoO4, NiMoO4, and FeMoO4. Incorporation of the second metal into the Mo nitride resulted
in a significant decrease in the surface area (3.1–8.8 vs. 80 of Mo2N). However, the area of Mo2N
was reduced to 23 m2/g after reaction, indicating that the material was not stable under the reaction
conditions. Despite the lower surface area, the addition of a second metal was beneficial for ammonia
decomposition and the activity followed the trend Co3Mo3N > Ni3Mo3N > Fe3Mo3N > Mo2N.
Several transition metal nitrides have been studied for ammonia decomposition, being the binary
system metal-cobalt molybdenum nitride the most interesting among them [77–81].

Based on the NH3-TPSR results, the authors suggested that the addition of Co and Fe favoured
the desorption of hydrogen. However, over Mo2N de desorption of nitrogen was slower since nitrogen
atoms tend to interact stronger with the nitride. According to the results the authors concluded that the
order in which each metal nitride system dissociates metal nitride–N bond was Co3Mo3N ≈ Ni3Mo3N
> Fe3Mo3N >Mo2N. Moreover, the presence of Co, Ni, and Fe improves the stability against poisoning
by H2 on the active sites and the best results are obtained when doped catalysts are employed.

In order to improve the surface area of nitrides, alternative synthesis paths have been explored.
For example Podila et al. [77] studied the use of citric acid as chelating agent to prepare bulk Co3Mo3N,
with surface areas in the range 93–129 m2/g. The use of citric acid (CA) as chelating agent afforded
better nitride dispersion which resulted in better catalytic performance. An optimal concentration
of citric acid was related to a higher surface area, lower particle size and increased proportion of
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Mo2N and Co3Mo3N phases, so that when the CA/Mo ratio was changed from 1 to 3 in the synthesis,
the conversion increased from 75% to 97% at 550 ◦C.

Similarly Zaman et al. synthetized nickel [78] and cobalt molybdenum nitrides [79] using citric
acid and compared its catalytic performance on ammonia decomposition with that obtained employing
γ-Mo2N. Under these synthesis conditions, the surface area of the binary nitrides was increased
but still below 20 m2/g. According to the results both catalyst, Ni2Mo3N and Co3Mo3N offered
over 97% conversion, while the use of pure γ-Mo2N resulted in 50–70% conversion under the same
experimental conditions.

Zhao et al. [80] used supported binary CoMo nitrides over several porous materials with different
physico-chemical characteristics: CNTs, Al2O3, activated carbon and 5A Zolite. The experimental
procedure was a simple impregnation of the precursors followed by a temperature-programmed
reaction in N2–H2. The activity followed the order: CoMoNx/CNTs>CoMoNx/Zeolite 5>CoMoNx/AC
> CoMoNx/Al2O3. However, despite the clear better performance of CNT, the supports differ in many
features such as surface chemical composition and morphology, making the comparison and related
conclusions quite difficult.

The effect of synthesis conditions, nitridation temperature and iron loading was also evaluated in
iron nitrides supported on carbon nanotubes [81]. A higher synthesis temperature of ca. 500 ◦C and Fe
loading of 10% prepared under NH3 flow resulted in well-dispersed Fe2N nanoparticles which exists
along with Fe2O3 entities and offered the best ammonia conversion among the catalysts tested. In
contrast the synthesis under a N2/H2 flow resulted in the formation of both Fe2N and Fe4N, this latter
species being detrimental for ammonia decomposition.

4. Conclusions

This short review of the most recent literature has shown that transition metal nitrides possess a
wide spectrum of catalytic applications with interesting catalytic performance. The review has focused
on thermal heterogeneous catalysis which requires high surface areas and good dispersion of the
active phase. Despite the significant advances done up to date, there is plenty of room for research on
transition metal nitrides to optimize the synthesis conditions in order to obtain higher surface areas
and better nanoparticles dispersion, ideally reducing the synthesis temperature.

Also, further work to improve the stability will be required in order to obtain potential industrial
catalysts. One of the main reason for deactivation is the oxidation of the nitrides, which is likely to
occur in reactions that generate water such as carbon dioxide hydrogenation, or when water is already
in the reactants mixtures as it happens with biomass transformations. In this sense, it seems that
subsurface hydrogen can delay deactivation and more insight into this reaction mechanism would
allow to propose regeneration mechanism.

Again, the use of a high surface area support for transition metal nitrides nanoparticles can
improve the dispersion of the active phase and potentially improve their stability upon reaction
conditions against sintering and oxidation.

The improved catalytic performance that has been reached with more complex systems that
incorporate a second or third metal, should be complemented with deeper understanding of the actual
active phase and the chemical structure of the nitrides. Similarly, the use of promoters like alkalis and
its effect of the structure need to be further studied since these materials have also demonstrated a
significant potential for future catalytic applications. However, there is still no clear correlation mainly
due to the complexity of these systems and difficulties to perform in situ investigations.
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Abstract: The development of new catalytic nanomaterials following sustainability criteria both in
their composition and in their synthesis process is a topic of great current interest. The purpose of this
work was to investigate the preparation of nanocatalysts derived from the zirconium metal–organic
framework UiO-66 obtained under friendly conditions and supporting dispersed species of non-noble
transition elements such as Cu, Co, and Fe, incorporated through a simple incipient wetness
impregnation technique. The physicochemical properties of the synthesized solids were studied
through several characterization techniques and then they were investigated in reactions of relevance
for environmental pollution control, such as the oxidation of carbon monoxide in air and in
hydrogen-rich streams (COProx). By controlling the atmospheres and pretreatment temperatures,
it was possible to obtain active catalysts for the reactions under study, consisting of Cu-based UiO-66-,
bimetallic CuCo–UiO-66-, and CuFe–UiO-6-derived materials. These solids represent new alternatives
of nanostructured catalysts based on highly dispersed non-noble active metals.

Keywords: UiO-66; copper; iron; cobalt; nanocatalyst; CO oxidation; COProx

1. Introduction

The use of metal–organic frameworks (MOFs) as host matrices to disperse metal nanoparticles
is a topic of great interest in the ongoing research for new nanocatalysts. MOFs have the advantage
of presenting a variety of transition metals and a wide range of organic ligands in their composition,
which makes them attractive for applications in catalysis [1,2]. There are several alternatives to obtain
catalytic functionality in the structure of MOFs. One is based on the coordination around metal centers
or structural defects that are not committed to the material framework, which can act as active sites [3].
Another possibility is to take advantage of the ligand chemistry since terephthalates or tricarboxylates to
which acidic or basic functional groups can be added are usually used [4]. Moreover, the large internal
volume available in these materials can be used to host active species [5]. In addition, in recent years,
the use of MOFs as templates, which according to their construction units can generate nanostructured
metal/metal oxide systems [6], became a consolidated strategy. For example, Sun et al. [7] reported
a number of catalysts obtained with this concept, such as Co3O4 materials from Co-based MOFs or
α-Fe2O3 and Fe3O4 nanomaterials from Fe-MIL-88B. CuO and CuO–CeO2 nanoparticle-based catalysts
derived from the MOF HKUST-1 with high catalytic activity were also reported [8].

On the other hand, the catalytic oxidation of carbon monoxide in gaseous streams is a reaction
of great environmental relevance. Carbon monoxide is one of the main pollutants of indoor and
industrial environments because, due to its high affinity for hemoglobin, it is extremely toxic to
living beings [9] and, therefore, numerous studies are currently being conducted for their catalytic
removal [10]. Moreover, the elimination of this gas in concentrated hydrogen streams (COProx) has
significance in the field of renewable energy, as it is one of the most accepted alternatives to carry
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out the final purification of H2 to be used in fuel cells [11]. For the CO oxidation, numerous catalytic
formulations were tested to date, and those composed of supported oxides represent one of the most
promising alternatives [12]. For example, catalysts based on supported particles of copper oxides,
cobalt oxides, and iron oxides showed good performance [13–15]. These types of solids avoid the use
of noble metals traditionally used in this reaction such as Pt, Pd, or Au [12], some of which were also
supported in MOFs [16,17]. These elements have a limited abundance and involve much higher costs;
thus, efforts are being made for the development of catalysts based on non-noble metals. Currently, it
is considered that the use of precious metals is not sustainable compared to earth-abundant metals
which are available in orders-of-magnitude higher quantities [18]. Of special interest are the metals of
the first transition period, such as Cu, Co, and Fe, since they are not only less expensive but also less
toxic compared to those of the second and third period [19]. Since MOFs have high specific surface
areas, they represent a new support alternative for the efficient and low-cost obtainment of catalysts
based on dispersed non-noble metal species. In this scenario, UiO-66 is an attractive structure for this
purpose since it is a microporous zirconium terephthalate forming a three-dimensional arrangement
with high specific surface area and good thermal, mechanical, and chemical stability [20]. In addition,
it requires low-cost precursors for its synthesis and can be obtained under fairly sustainable conditions.
Very recently, active catalysts based on atomically dispersed ionic Cu species on UiO-66 and hybrid
nanostructures of CuO nanocrystals encapsulated in UiO-66 crystals were reported [21,22]. In addition,
with the concept of a matrix, CuO/CeO2 active catalysts derived from Ce–UiO-66 were obtained,
as well as CuCe/ZrO2 catalysts derived from metal-impregnated UiO-66 [23,24].

In this context, the present work proposes to systematically analyze the use of UiO-66 synthesized
through a sustainable protocol [25] as a dispersion matrix of Cu, Co, and Fe species to obtain
new nanoparticle structures with potential use in catalysis. In addition, the incorporation of these
metallic species is proposed by simple procedures traditionally used to prepare supported catalysts,
such as the incipient wetness impregnation with precursors and subsequent thermal decomposition.
The physicochemical properties of the obtained nanomaterials were tested in the gas-phase oxidation of
carbon monoxide in air streams and in the CO preferential oxidation in hydrogen-rich streams (COProx).

2. Materials and Methods

2.1. Synthesis of UiO-66

Benzenedicarboxylic acid (BDC, Aldrich, 98.0% purity, St. Louis, MO, USA), ZrCl4 (Zr, Aldrich,
98.0% purity, Darmstadt, Germany), and acetone (Cicarelli, 99.0% purity, San Lorenzo, Argentina)
were used without further purification, and UiO-66 synthesis was performed employing a sustainable
protocol reported elsewhere [25]. Briefly, the procedure consisted of mixing the two solid reactants
together with the solvent in the molar proportions BDC:ZrCl4:solvent = 1:1:1622. After obtaining the
homogeneous mixture, it was placed under solvothermal treatment at 80 ◦C for 24 h. At the end of
the treatments, the solids were recovered by centrifugation (10,000 rpm, 10 min), washed twice with
ethanol, and finally dried at 80 ◦C overnight.

2.2. Incorporation of Metallic Species

Cu(NO3)2·3H2O (Aldrich, 98.0–103% purity, St. Louis, MO, USA), Co(NO3)2·6H2O (Alfa Aesar,
98.5% purity, Tewksbury, MA, USA), and Fe(NO3)3·9H2O (Aldrich, ≥99.99%, purity, St. Louis,
MO, USA) were employed as metal precursors. For their incorporation to MOF, incipient wetness
impregnation was used as described in S1 (Supplementary Materials). The nomenclature employed
was the following: First the incorporated metal, then its load in wt.% with respect to the catalyst
total mass, and finally the support which was MOF (M) or its degradation product (Zr), i.e., Cu10/M
or Cu16Fe7/Zr.
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2.3. Catalyst Characterization

The crystalline structure of the materials was analyzed trough X-ray diffraction (XRD) with a
Shimadzu XD-D1 instrument (Shimadzu Corp., Kyoto, Japan, CuKα radiation, λ= 1.5418 Å, 2 ◦C·min−1,
30 mV, 40 mA, 2θ = 5◦ to 65◦). In order to analyze the thermal evolution of the MOF and precursor,
thermogravimetric analysis (TGA) and single differential thermal analysis (SDTA) were conducted
with a Mettler Toledo STARe (version 4.1, Bristol, UK) TGA/SDTA 851e module from 25 to 800 ◦C at
10 ◦C·min−1 in air or nitrogen flow (50 mL·min−1, standard temperature and pressure (STP)). Laser
Raman spectroscopy (LRS) was performed using a LabRam spectrometer (Horiba-Jobin-Yvon, Stanmore,
UK) coupled to an Olympus confocal microscope (Olympus Corp., Shinjuku, Tokyo, Japan) equipped
with a charge-coupled device (CCD) detector cooled to about 200 K. The excitation wavelength was
532 nm (Spectra Physics argon-ion laser), and the laser power was set at 30 mW. Transmission electron
microscopy (TEM) images of the synthesized UiO-66 crystals and metal-based nanocatalysts were
acquired using a JEOL 2100 Plus microscope (JEOL Ltd., Tokyo, Japan) equipped with an energy
dispersive X-ray (EDX) detector (JEOL Ltd.) and a scanning transmission electron microscope (STEM)
(JEOL Ltd.). The samples were milled and suspended in ethanol by ultrasonic treatment, and a drop of
the fine suspension was placed on a carbon-coated nickel grid to be loaded into the microscope.

2.4. Catalytic Evaluations

The samples were evaluated in a glass tubular reactor connected to a continuous flow system
equipped with mass flow controllers (Brooks 4800, Brooks Instrument, Hatfield, PA, USA) and heated
with a furnace controlled with a proportional–integral–derivative (PID) system. Before each evaluation,
the reactor was heated at different temperatures (200–650 ◦C) in He or Air flow (30 mL·min−1) according
to the pretreatment required by the sample before its test and maintaining such a temperature for 60 or
120 min. Then, the catalytic tests were performed with a mixture of molar composition 1% CO, 2% O2

(employing synthetic air) in He balance, maintaining a total flow of 30 mL·min−1 with an initial mass
of the solid of 70 mg. Some tests were also performed by adding 50% of H2 in the reaction stream
(COProx), at the same total flow. The catalytic measurements were taken after stabilizing the reactor at
different temperatures for 8 min. The CO conversions were determined with an on-line Shimadzu
GC-2014 chromatograph (Shimadzu Corp., Kyoto, Japan) equipped with a thermal conductivity
detector (TCD) and a 5-Å molecular sieve packed bed column. CO conversions (XCO were calculated
as follows:

XCO (%) = ([CO]0 − [CO])/[CO]0 × 100,

where [CO]0 and [CO] are inlet and outlet gas concentrations (ppm), respectively. Moreover, for
COProx, the selectivity of O2 to CO2 (S) was calculated as follows [12]:

S (%) = XCO (%)/(λ × (([O2]0 − [O2])/[O2]0)),

where [O2]0 and [O2] are inlet and outlet oxygen concentrations (ppm), respectively. In our case, the
value of the factor λ (excess oxygen in the reaction) was four.

3. Results and Discussion

3.1. Dispersion of Copper Species in UiO-66

3.1.1. Study of the Precursor Decomposition

The obtained MOF corresponded to a crystalline and pure phase of UiO-66 since all its diffraction
signals were observed (Figure S1, Supplementary Materials); the most important ones were identified
at 2θ = 7.38◦, 8.52◦, and 25.75◦, corresponding to the (111), (200), and (600) planes, respectively [20].
All these signals matched those indexed for this MOF from its crystallographic data (CCDC 733458)
and no impurities were detected, such as benzenedicarboxylic acid. Afterward, the compatibility
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between the decomposition temperatures of the metal precursors and the MOF was analyzed by
TGA, both in an inert and in air atmosphere. During the impregnation process, the transition metals
were incorporated as nitrate salts onto the UiO-66 surface. Afterward, the nitrate ion decomposition
was required to obtain the metal oxides. In this context, it is necessary to analyze the atmosphere
and temperature condition in which this decomposition was done, maintaining the MOF structure.
Figure 1a, profile 3, presents the TGA of UiO-66 in inert gas, and Figure 1b, profile 3, depicts its
corresponding derivative TGA (dTGA). Typical evolutions were observed, with an initial mass loss up
to 130 ◦C due to physisorbed water and/or residual solvent of synthesis. Then, another small mass
loss from 180 ◦C due to the dehydroxylation of the inorganic cluster of the MOF from Zr6O4(OH)4

to Zr6O6. Finally, the thermal decomposition of the ligands was observed, which was similar to the
one corresponding to this MOF synthesized under conventional conditions [26], with a maximum
decomposition rate (Tmax) at 555 ◦C (Figure 1(b3) and Table 1). Instead, under air atmosphere, the
TGA (Figure 1(c3)) and dTGA profiles (Figure 1(d3)) showed a somewhat lower stability with a Tmax

of 520 ◦C (Table 1). This evolution was more exothermic compared to the previous one as could be
seen in the SDTA (Figure S2, Supplementary Materials). Meanwhile, the copper precursor showed a
complete decomposition at 290 ◦C or 265 ◦C in inert gas (Figure 1(a4)) or air (Figure 1(b4)), respectively.
The degradation temperature window of the MOF and the precursor suggested the possibility of
obtaining dispersed copper species by applying heat treatments.

Figure 1. Thermogravimetric analysis (TGA) of UiO-66 (M), Cu/M, and copper precursor: (a) N2

atmosphere; (c) air atmosphere. Corresponding derivative TGA (dTGA) curves: (b) N2 atmosphere;
(d) air atmosphere.

Table 1. Maximum decomposition temperatures (Tmax) of the fresh metal–organic framework (MOF)
and of the MOF impregnated with copper (Cu/M) and that of the respective metal precursors (obtained
from the derivative thermogravimetric analysis (dTGA) data).

Tmax N2
1 Tmax Air 2

Cu(NO3)2·3H2O 259 255
UiO-66 555 520

Cu5/UiO-66 490 346
Cu10/UiO-66 460 318

1 Decomposition temperature (◦C) of the maximum in the N2 dTGA profile. 2 Decomposition temperature (◦C) of
the maximum in the air dTGA profile.
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The MOF impregnated with 5 wt.% copper (Cu5/M) showed a marked decrease in the structural
stability of the framework (Figure 1a,b), which was magnified with a higher copper amount (Cu10/M).
The Tmax was reduced from 555 ◦C to 490 ◦C and 460 ◦C for fresh UiO-66, Cu5/M, and Cu10/M,
respectively (Table 1). The same effect was observed in air but with a greater destabilization of
the framework. This phenomenon is attributed to the copper species formed after the precursor
decomposition, which catalyzed the oxidation of the organic part of the MOF, accelerating its structural
collapse. However, a small temperature gap persisted in which it would be possible to decompose
the said precursor before the MOF collapsed. The SDTA of Cu/M in both atmospheres (Figure S2,
Supplementary Materials) showed only an endothermic process due to the evacuation of host molecules
that ended at 160 ◦C, and an exothermic one near 300 ◦C due to MOF collapse. From the previous
results, pretreatments of Cu10/M in inert and combinations with air were carried out at different
temperatures prior to carrying out its catalytic test in order to get insight into the catalytic performances
and structural stabilities after the different pretreatments.

3.1.2. Copper-Based UiO-66 Catalysts

In Figure 2a it can be observed that UiO-66 by itself presented no activity in the oxidation of CO.
On the other hand, Cu10/M treated for 1 h at 200 ◦C in He (1) presented activity, reaching a maximum
conversion of 60% at the said temperature, while a treatment at 225 ◦C (2) yielded an improvement,
reaching conversions of 75%. Meanwhile, a pretreatment at 300 ◦C impaired activity, as observed in
solid (3). The diffractograms of these evaluated samples (Figure 2b) indicate that samples (1) and
(2) maintained the MOF structure. Nevertheless, a degradation of the MOF took place in sample
(3). The absence of definite signals of copper species in all the diffractograms should be highlighted
since it indicates their high dispersion. Accordingly, in solids (1) and (2), the catalytic activity was
due to copper species highly dispersed in the MOF structure, while, in sample (3), those species were
dispersed in an amorphous solid.
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Figure 2. Cu/UiO-66 solids (Cu/M): (a) catalytic evaluation in the CO oxidation; (b) X-ray diffraction
(XRD) patterns after the reaction.

The change in the pretreatment atmosphere was analyzed in terms of the activity of Cu10/M
by combining the pretreatment in inert atmosphere followed by a brief exposure to air for 0.5 h
(sample (4)). The as-treated solid was also active (Figure 2a) even though the treatment promoted the
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total degradation of the MOF (Figure 2b), favoring its evolution to a crystalline phase of tetragonal
zirconia (t-Zr), (JCPDS 17-923). The decomposition of the hydrated nitrate salts in the presence of
air can generate various oxidizing agents such as HNO3 and NO2, which, added to the treatment in
oxygen, can give rise to a hyperoxidizing atmosphere and accelerate the transformation of the MOF
into zirconia. This evolution is in agreement with what was reported for the decomposition of UiO-66
in air [27]. A high dispersion of cupric oxide was observed in these solids, characterized by weak
signals at 2θ = 35.5◦ (masked by a signal of t-Zr) and 38.5◦, corresponding to the (11−1) and (111)
planes of a CuO monoclinic phase (JCPDS 48-1548), respectively.

The TEM image of the synthesized MOF shows nanometric crystals with sizes ranging from
30–100 nm which formed globular aggregates (Figure 3a), making it possible to distinguish the facets
of the individual crystals with a polyhedral morphology (Figure 3b) similar to that reported for this
MOF but obtained under conventional conditions [20]. Meanwhile, when the said crystals were
functionalized with copper following the sequence of impregnation and heat treatment in He to obtain
Cu/UiO-66, the porous structure of the MOF was maintained (Figure 3c). The high-resolution (HR) TEM
image showed the characteristic aspect of a porous material but no particles could be distinguished
inside the MOF porosity (Figure 3d). This highlights the small size of these copper species dispersed in
the MOF, consistent with the XRD results.

In brief, a pretreatment of Cu10/M in He for 1 h at 225 ◦C allowed obtaining an active catalyst in
the CO oxidation, based on copper species with high dispersion in the MOF structure which were
preserved after the tests in reaction. This nanocatalyst represents a new alternative not only for this
reaction but also for other reactions demanding a high dispersion of active copper phases and led at
relatively low temperatures (<225 ◦C). These reactions could be, for example, the reduction of C–C
multiple bonds and carbonyl, the hydroxylation of benzene, the reduction of aromatic nitrocompounds
or NOx [28], or the synthesis of methanol from CO and H2 [29].

Figure 3. TEM images: (a) as-synthesized UiO-66 crystals; (b) close view of UiO-66; (c) Cu/UiO-66
catalyst with He treatment at 225 ◦C; (d) close view of activated (He treated) Cu/UiO-66.
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3.2. Derived Cu/UiO-66 Catalysts

3.2.1. Monitoring of the Thermal Transformation of Cu/MOF

Given the structural changes observed after the thermal pretreatments, the transformation of
Cu/M was analyzed through temperature-programmed X-ray diffraction (T-XRD) both in an inert
atmosphere and in air. In the first case, from 250 ◦C, the MOF underwent a reduction in crystallinity
(Figure 4a), totally losing itself at 325 ◦C (red curve). Then, the solid persisted as an amorphous
material in which signals at 43.3◦ and 50.1◦ emerged (the latter masked with a t-Zr signal), which
corresponded to the (111) and (200) planes of a cubic Cu0 phase, respectively (JCPDS 4-836). At higher
temperatures, these species increased the crystallinity, while the support evolved into a tetragonal
zirconia (t-Zr) of low crystallinity. This is consistent with what was discussed above. On the other
hand, heat treatments in air showed that the structure of the MOF was more unstable (Figure 4b) losing
the crystallinity at 275 ◦C (red curve). In addition, it quickly transformed into a t-Zr system with a
high dispersion of copper oxide species. The stable formation of a t-Zr phase from this MOF was
attributed to the initial transformation of the small zirconia nuclei from inorganic nodes, which have
a low surface energy and facilitate the evolution toward a tetragonal phase instead of a monoclinic
(m-Zr) [27]. From about 400 ◦C a small contribution of m-Zr was detected, characterized by strong
signals at 2θ = 27.9◦, 31.2◦, 34.1◦, 40.7◦, and 49.1◦, corresponding to the (−111), (111), (200), (−112), and
(220) planes, respectively (JCPDS 37-1484). An increase in the proportion of the monoclinic phase in
copper-doped zirconia was attributed to copper inclusion in the ZrO2 network, which increased the
size of the crystallites, causing a growth in the free surface energy and, thus, promoting the evolution
toward m-ZrO2 [30]. This could be, in our case, due to a migration of part of the copper to the zirconia
phase in formation during the heat treatment in air.
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Figure 4. Analyses of X-ray diffraction at programmed temperature (T-XRD) with the Cu/M sample:
(a) in nitrogen; (b) in air.
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By T-XRD, it was shown that thermal pretreatments of the Cu/M solid in an inert atmosphere
caused a delayed degradation of the MOF toward an amorphous solid in which Cu0 species evolved.
Meanwhile, the MOF degradation was accelerated in air with a fast growth of t-Zr phase with a small
contribution of m-Zr and with highly dispersed CuO species. Given the potential of solids derived
from Cu/M, their catalytic behavior was analyzed.

3.2.2. Catalytic Behavior of Derived Cu/UiO-66 Catalysts

Cu10/M was pretreated in situ in He flow at 225 ◦C for 1 h, and its catalytic curve showed an
inflection in the profile starting at 250 ◦C (Figure 5a) due to a fall in the CO conversion. This was
caused by a smaller availability of oxygen for the reaction (as observed in the insert in Figure 5a),
which was consumed in the MOF degradation. Hence, 250 ◦C is the maximum temperature at which
Cu10/M maintained its structure under reaction conditions. From 375 ◦C the oxygen was recovered,
and the catalyst was taken up to 400 ◦C for 1 h in reaction, maintaining conversions of 100%; later, the
catalyst was cooled and evaluated again. In this case, Cu23/Zr (1), a marked activation was observed
(Figure 5a) due to the evolution of the solid to the system of copper oxide dispersed in a developing
t-Zr phase (Figure 5b). Since the zirconia mass in the derived solid was around 37.4 wt.% with respect
to the initial mass of the MOF, the proportion of copper in these systems was 23 wt.%. It is noticeable
that, with this high load, the copper species were highly dispersed in the t-Zr support. Given the
good catalytic performance of these solids and taking into account the studies of the transformation
of a Cu/M solid into Cu/Zr, a pretreatment of Cu10/M in air was performed at 400 ◦C for 2 h. In this
case, Cu23/Zr (2), a remarkable shift of the catalytic curves was observed, reaching total conversion
at 225 ◦C (Figure 5a) without extra oxygen consumption due to the presence of a stabilized phase
of CuO/ZrO2 (Figure 5b) with a contribution of a m-Zr phase. Compared with classical CuO/ZrO2

catalysts obtained via other techniques such as sol–gel [31] or urea combustion [32], the use of the MOF
as a template allowed minimizing the generation of bulk CuO of low interaction with zirconia, which
would generate a lower catalytic activity. In contrast to the MOF-derived zirconia (Zr in Figure 5b),
the Cu23/Zr (2) solid showed a contribution of the m-Zr phase. When Cu10/M was pretreated in air
at 500 ◦C, Cu23/Zr (3), a slight catalytic improvement was observed with respect to the former case,
reaching total conversion at 175 ◦C.
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Figure 5. Cu/UiO-66-derived solids: (a) catalytic evaluation; (b) XRD patterns after reaction.
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However, the contribution of m-Zr in this sample was more evident, which could be related to its
better catalytic behavior. In this sense, it was demonstrated that the adsorption capacity of CO in m-Zr
supports was higher than in t-Zr, which can be explained by a higher Lewis acidity (Zr4+), as well as a
higher Lewis basicity (O2−), on the surface of the m-Zr solid [33]. Finally, a pretreatment at 650 ◦C in
air, Cu23/Zr (4), did not improve the conversion (Figure 5a), even though it favored the development of
the monoclinic phase, probably due to a sintering of the CuO species (Figure 5b).

3.3. Derived Cobalt and Iron-Based UiO-66 Catalysts

Other non-noble metals of interest that have activity in the CO oxidation reaction are cobalt
and iron [13], added to the fact that the latter is a very low-cost metal with high abundance.
The decomposition temperature of cobalt and iron nitrate precursors in air was far from the limit of
MOF stability (Table 2, Figure S3, Supplementary Materials) while the incorporation of 10 wt.% Co or
Fe in the MOF (Co10/M, Fe10/M) decreased the framework stability due to the formed oxides, although
the shift was lower than that of Cu10/M. The order of structural stability was as follows: Co/M > Fe/M
> Cu/M. The SDTA profiles in air (Figure S3, Supplementary Materials) were very similar to that of
Cu10/M, with an endothermic peak due to the evaporation of host molecules and an exothermic one
due to structural collapse. Taking into account the similar structure stability of Cu10/M under either
He or air atmosphere at temperatures lower than 275 ◦C, Co10/M and Fe10/M solids were pretreated at
250 ◦C in air, and their catalytic behavior was analyzed.

Table 2. Maximum decomposition temperatures (Tmax) of the MOF impregnated with cobalt (Co/UiO-66)
and iron (Fe/UiO-66), and that of the respective metal precursors (obtained from the dTGA data in air).

Tmax Air 1

Co(NO3)2·6H2O 263
Fe(NO3)3·9H2O 163

Co10/UiO-66 465
Fe10/UiO-66 435

1 Decomposition temperature (◦C) of the maximum in the air dTGA profile.

For the Co10/M solid (Figure S4a, Supplementary Materials), from 200 ◦C onward, conversion
increased proportionally with temperature, and, when it was over 325 ◦C, both a conversion fall and an
abrupt consumption of oxygen were produced due to the MOF degradation. The activity evolved until
total conversion but at a higher temperature than the Cu10/M solid, previously analyzed. Subsequently,
this solid was taken to 400 ◦C and was kept 1 h under reaction. When evaluated again, an improvement
in activity was observed, Co23/Zr (1). The catalyst consisted of a t-Zr phase evolving with a high
dispersion of cobalt species due to the absence of characteristic signals of their oxides (Figure S4b,
Supplementary Materials). Since it was observed that an improvement in ZrO2 crystallinity favored the
activity, a pretreatment of the Co10/M sample was performed in air but at 400 ◦C for 2 h. This effectively
improved the catalytic performance (Figure S4a, Supplementary Materials) due to the formation of a
stabilized phase of Co3O4 in a t-Zr of high crystallinity (Figure S4b, Supplementary Materials). This is
in agreement with what was reported regarding the formation of this cubic spinel (JPDS 43-1003) on
conventional ZrO2 supports [15].

On the other hand, Fe10/M showed less activity (Figure S4a, Supplementary Materials), even over
300 ◦C when the MOF decomposed. After 1 h in reaction at 400 ◦C, the system was evaluated again,
and an improvement was observed even though total conversion was not reached in the temperature
range analyzed. This solid consisted of an incipiently formed t-Zr with a high dispersion of iron
species (Figure S4b, Supplementary Materials). In this case, a remarkable catalytic improvement was
also observed when pretreating at 400 ◦C in air. This solid consisted of a highly crystalline t-Zr with a
small contribution of m-Zr which dispersed a rhombohedral hematite phase (α-Fe2O3). The previous
confinement of the iron precursor in the pores of UiO-66 facilitated, after degradation, the generation
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of small Fe2O3 crystals that were quite active in CO oxidation, as already observed for iron oxide
crystals [34].

The MOF degradation under reaction conditions of CO oxidation started at 325, 300, and 250 ◦C for
Co10/M, Fe10/M, and Cu10/M respectively. Although the thermal stability of the latter was slightly lower,
its CO conversion at 250 ◦C was significantly higher (70%) than that of the other two samples (17% and
5%). The best catalytic performance corresponded to the Cu-based sample after the degradation of the
MOF structure in air at 400 ◦C for 2 h (Cu23/Zr), which reached 100% CO conversion at 225 ◦C. At that
temperature, the conversion for the Co23/Zr solid was 45%, while, for the Fe23/Zr solid, it was only 8%.

3.4. Bimetallic CuCo/UiO-66- and CuFe/UiO-66-Derived Nanocatalysts

3.4.1. CO Oxidation

It was reported that mixed cobalt and copper oxides [35], as well as copper–iron mixed oxides
synthesized by low-temperature co-precipitation methods [33,36,37], have synergistic effects on the
oxidation of CO; therefore, bimetallic systems were prepared incorporating these metals into UiO-66.
The solids obtained by successive impregnation were analyzed, firstly by incorporating the copper
precursor followed by their thermal treatment (500 ◦C, air, 2 h); subsequently, a cobalt or iron precursor
was added, followed by a final calcination step in air (400 ◦C, 2 h) to obtain Cu16Co7/Zr and Cu16Fe7/Zr
systems. The Cu16/Zr, Cu16Co7/Zr, and Cu16Fe7/Zr samples exhibited well-developed t-Zr phases with
a small contribution of m-Zr (promoted by the presence of copper as discussed above), adding to a
CuO phase with high dispersion (Figure 6). Additionally, a Co3O4 phase was observed in the solid
containing cobalt, while, in the iron-containing bimetallic solid, no iron oxide phases were detected.
This accounts for the high dispersion of the FeO phases in this solid. The catalytic assays showed that,
among these catalysts, an improvement in the activity of Cu16Fe7/Zr was found (Figure 6a). This was
due to both the initial presence of a very small proportion of m-Zr phase before the incorporation of iron
and the subsequent development of a Fe–Cu synergy among these species due to their intimate contact,
favored by the high dispersion achieved by these oxides in the solid, as shown by their XRD patterns.
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Figure 6. CuCo/Zr and CuFe/Zr nanocatalysts: (a) catalytic behavior; (b) XRD patterns after reaction.

The catalytically evaluated nanomaterials were analyzed by laser Raman spectroscopy (LRS).
These spectra are shown in Figure 7, and the respective spectra of the used monometallic samples are
included for comparison. The vibrational signals observed in all of these spectra are consistent with
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the crystalline phases identified by XRD. The vibrations of the monoclinic ZrO2 (m-Zr) and tetragonal
ZrO2 (t-Zr) phases were present in the Cu16/Zr spectrum (Figure 7), proving the existence of both
zirconia phases. The characteristic narrow vibration signals of m-Zr were at 179, 192, 335, 347, 385,
476, 614, and 635 cm−1, with that at 476 cm−1 being the strongest one [15], while the typical broad
signals of t-Zr were at 145, 275, 310, 460, and 650 cm−1 [27]. In the case of the sample with higher
copper content, Cu23/Zr, the monoclinic phase was clearly identified due to its narrow vibration signals
(Figure 7). The vibrations of CuO at 280, 335, and 615 cm−1 [8] overlapped with those of the zirconia,
thus hindering their identification. The spectrum of Co23/Zr pointed out the existence of a t-ZrO2 phase
and a Co3O4 spinel (485, 523, and 687 cm−1) [15], in clear agreement with the XRD results. The absence
of m-ZrO2 was evident, inferring that the UiO-66 degradation in the presence of cobalt hampered the
formation of this monoclinic phase. The same outcome was obtained when iron was the impregnated
metal. The Fe23/Zr spectrum (Figure 7) revealed the presence of just t-ZrO2 and α-Fe2O3 (226, 246, 293,
411, and 610 cm−1 [36]), and no signals of m-ZrO2 were identified.
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Figure 7. Laser Raman spectroscopy (LRS) spectra of the mono and bimetallic solids after the CO
oxidation reaction.

In the spectra of the bimetallic catalysts, it could be observed that the zirconia signals were mainly
associated with t-Zr (Figure 7). In the Cu16Fe7/Zr sample, a high dispersion of iron and copper oxides
was achieved given the absence of defined signals of these phases, in line with what was observed by
XRD and also confirming the absence of agglomerates after the reaction. This shows that the addition
of Fe to the Cu/Zr system generated highly dispersed and stable iron species, since they were kept
in that situation in the solid after reaction (Figure 7). This is in contrast with the higher sintering
reached in the monometallic Fe/Zr system after reaction. On the other hand, in the spectrum of sample
Cu16Co7/Zr, the signals of a developed Co3O4 spinel were dominant (Figure 7), in agreement with
XRD observations, showing again that the cobalt species were segregated forming big crystals at the
catalyst surface.

The bimetallic sample Cu16Fe7/Zr exhibited a nanoparticle system in intimate contact (Figure 8a),
confirming the results of XRD and LRS discussed above, which corresponded to small domains of
zirconia phases and oxides of copper and iron. The different crystalline planes of these phases in the
individual crystals can be observed (Figure 8a). Figure 8b shows the analysis of the same particle in
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dark-field mode and its nature of aggregated nanoparticles was also highlighted. The elementary
mapping performed in STEM mode showed a homogeneous distribution of the zirconium (yellow,
Figure 8c), iron (green, Figure 8d), and copper (magenta, Figure 8e) phases in the nanoparticle aggregates,
confirming the high dispersion and intimate contact between these nano-oxides. The characterizations
performed by XRD, LRS, and TEM demonstrated the small particle size reached by the phases of these
oxides in intimate contact with each other, explaining the catalytic synergy in this material, as shown
in Figure 6.

Figure 8. TEM images of Cu16Fe7/Zr catalyst: (a) selected area for the energy-dispersive X-ray (EDX)
mapping in bright field; (b) selected area for the EDX mapping in dark field. Elementary mapping: (c)
zirconium (yellow); (d) iron (green); (e) copper (magenta).

3.4.2. CO Oxidation in Hydrogen-Rich Stream (COProx)

Given the high performance of the Cu16/Zr, Cu16Co7/Zr and Cu16Fe7/Zr solids, they were
analyzed in the COProx reaction. The conversion curves obtained are presented in Figure 9a and show
a volcano-type shape, similar to that found for catalysts based on these types of dispersed oxides in
classical supports [14,36]. Initially, the conversion increase may be due to highly dispersed CuO or
superficial Cu–O–Zr type sites on the zirconia [14,32], reaching a maximum of 47% (175 ◦C) for the
Cu16/Zr sample. The fall in conversion at higher temperatures is probably due to a reduction in copper
species dispersed in the hydrogen-rich atmosphere [14]. When comparing this behavior with that of the
CO oxidation in air (Figure 6), a shift of the curves toward higher temperatures was observed for both
the monometallic and bimetallic catalysts. This differs from that observed for dispersed cupric oxide
crystals that exhibited a similar activity in both reactions [38], although this behavior was similar to that
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observed for other types of copper–iron mixed oxide catalysts [36]. This change in conversion levels
may be due to structural differences between the active sites present and in the reaction mechanism
operating under an oxidizing or reductive atmosphere [39]. Meanwhile, the selectivity was greater
than 70% up to 120 ◦C, after which it fell sharply (Figure 9b).

Figure 9. Catalytic evaluations in the preferential CO oxidation (COProx): (a) CO conversion;
(b) selectivity toward CO2.

The Cu16Co7/Zr catalyst exhibited similar characteristics to those analyzed above, with a 53%
maximum conversion at the same temperature. In this sense, Co and Cu oxides would compete for the
formation of M–O–Zr clusters over the zirconia support and not for the formation of Cu–Co–O–Zr
species that could increase the conversion levels [14]. However, cobalt modulated the activity, given the
increase in the selectivity of this system (Figure 9b). At the same time, the Cu16Fe7/Zr solid exhibited a
shift of the conversion curve to lower temperature, which was compatible with the higher activity
shown by this solid in COTox, previously discussed. Moreover, its selectivity was the highest of all
evaluated materials (higher than 85% up to 125 ◦C). This behavior again accounts for the synergy
between the oxide phases in this nanocatalyst.

The LRS characterization of the used catalysts after the COProx evaluation is shown in Figure 10.
From the analysis of the Cu16/Zr spectra before and after reaction, it can be inferred that the tetragonal
and monoclinic phases were present in the support. Nevertheless, an increasing trend of the m-Zr
strong signal at 460 cm−1 was observed at the expense of the t-Zr phase after reaction. This same
trend can be observed in the spectra of the Co-containing materials. In the latter sample, a more acute
and defined signal of Co3O4 can be additionally seen, from which the increase of the said particles
under reducing atmosphere can be inferred. However, for the Cu16Fe7/Zr material, after being under
reducing reaction conditions, t-Zr was still the main phase. Moreover, no signals of Cu or Fe oxides
were observed, which highlights the high stability of these species in the said reaction atmosphere,
which is also consistent with what was observed for this catalyst after CO oxidation in oxidizing
atmosphere (Figure 6).
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Figure 10. LRS spectra of the bimetallic nanocatalysts before and after the COProx reaction.

4. Conclusions

UiO-66 crystals obtained through a sustainable protocol were used as a dispersion matrix for
copper, cobalt, and iron species, allowing the preparation of new nanostructured catalysts active in the
oxidation of carbon monoxide. The MOF was modified with the said non-noble metals through simple
and classic methods of incipient wetness impregnation, followed by controlled thermal treatments.
It was shown that, by precisely tuning the treatment atmosphere (He), temperature (225 ◦C), and time
(2h), the solid Cu/UiO-66 could be obtained having 10 wt.% copper species in a very high dispersion
inside UiO-66 crystals, maintaining the structure of the MOF. This solid proved to be an active catalyst
for the CO oxidation in air streams, representing a novel nanocatalyst not only for this reaction but also
for others that demand a high dispersion of active copper species. It was also shown that, if the thermal
decomposition treatments of the impregnated metal precursors were carried out in air at temperatures
higher than 400 ◦C, the capacity of the MOF to host metallic species could be used to obtain non-noble
metal-based catalysts supported on nano-zirconia derived from UiO-66. These controlled treatments
in an air atmosphere of Cu, Co, or Fe-impregnated UiO-66 promoted the rapid development of a solid
composed of tetragonal (t-Zr) and monoclinic (m-Zr) zirconia, supporting highly dispersed transition
metal oxides. The derived bimetallic Cu–Fe/ZrO2 nanocatalyst exhibited the best levels of activity and
stability both in the oxidation of CO in air and in the COProx reaction, due to synergic effects of the
very close contact between such oxides in the homogeneous nanomaterial.

This study shows the potential of UiO-66 as a dispersion matrix for low-cost and abundant
metals such as copper, cobalt, and iron to obtain new sustainable nanocatalysts active in the CO
oxidation reaction.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/1/165/s1:
S1: Incipient wet impregnation procedure; Figure S1: Diffractogram of the synthesized UiO-66 crystals and the
pattern simulated from its crystallographic archive (CCDC 733458). The diffractogram of the benzenedicarboxylic
acid ligand (BDC) is also included; Figure S2: SDTA of UiO-66(M), Cu/M, and copper precursor: (a) under N2
atmosphere; (b) under air atmosphere; Figure S3: Thermal stability of Co/M, Fe/M solids, and their respective
precursors in air: (a) TGA; (b) dTGA; (c) SDTA. Figure S4: Co/Zr and Fe/Zr nanocatalysts: (a) catalytic behavior;
(b) XRD patterns after reaction.
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Abstract: Metal-organic frameworks’ (MOFs) adsorption potential is significantly reduced by
turning the original powder into pellets or granules, a mandatory step for their use at industrial
scale. Pelletization is commonly performed by mechanical compression, which often induces the
amorphization or pressure-induced phase transformations. The objective of this work is the rigorous
study of the impact of mechanical pressure (55.9, 111.8 and 186.3 MPa) onto three commercial
materials (Basolite C300, F300 and A100). Phase transformations were determined by powder
X-ray diffraction analysis, whereas morphological changes were followed by nitrogen physisorption.
Methane adsorption was studied in an atmospheric fixed bed. Significant crystallinity losses were
observed, even at low applied pressures (up to 69.9% for Basolite C300), whereas a structural change
occurred to Basolite A100 from orthorhombic to monoclinic phases, with a high cell volume reduction
(13.7%). Consequently, adsorption capacities for both methane and nitrogen were largely reduced (up
to 53.6% for Basolite C300), being related to morphological changes (surface area losses). Likewise,
the high concentration of metallic active centers (Basolite C300), the structural breathing (Basolite
A100) and the mesopore-induced formation (Basolite F300) smooth the dramatic loss of capacity of
these materials.

Keywords: coordination polymers; methane storage; XRD crystallinity measurements; mechanical
shaping; compaction; VAM; gas separation; MOF pelletization

1. Introduction

Energy demand estimations for the next decades, mainly due to the global population and
industrialization process increments, boost the development of techniques and processes able to make
the most of available resources [1]. What is more, the recent COVID-19 pandemic, with millions of
people confined to their homes, pointed out even more our domestic reliance on electricity. In most
economies that have taken strong confinement measures in response to the coronavirus, electricity
demand has declined by around 15%, and the share of variable renewables like wind and solar had
become higher than normal [2]. Even when electricity from wind and solar would satisfy the majority
of demand, systems need to maintain flexibility in order to be able to ramp up other sources of
generation quickly when the pattern of supply shifts, such as when the sun sets. That is, electricity
system operators have to constantly balance demand and supply in real time to prevent blackouts,
which in recent times occurred mainly during periods of low demand [2]. In this context, natural gas
power plants can quickly ramp generation up or down at short notice, providing in this way flexibility,
underlining the critical role of gas in the longed-for clean energy transition.

In the natural gas industry, methane purification is a major process for upgrading the streams [3].
In these streams, methane concentration is originally elevated (>90%), so satisfactory results have been
reported using fixed-bed adsorption techniques [4,5]. In these cases, the usual practice is to separate
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the component that is in lower concentration by adsorption (typically CO2). Adsorbents usually used
for this purpose are activated carbons and zeolites, which have good CO2 adsorption yields and their
cost is relatively low [6,7]. On the other hand, these techniques present difficulties when methane is
the component with the lowest concentration in the stream. Activated carbons and zeolites present
low selectivity towards methane with respect to other very similar compounds in molecular size and
polarity, like nitrogen [8,9]. This is the case of one of the new alternative methane sources that has
begun to be studied in recent years, the recovery of methane from ventilation gases from mining
exploitation (VAM). Until now, these streams, which contain typically less than 1% in methane, had
been burned directly, with the need of an auxiliary fuel. VAM could be used in order to obtain energy
or chemical products, as well as to prevent greenhouse gas emissions into the atmosphere [10,11].
For these operations to be profitable, it is necessary to perform a previous concentration step, whose
success depends on the separation capacity of the adsorbent used [12].

Among the materials studied for this purpose, due to its amazing properties, metal-organic
frameworks (MOFs) have been shown to present large adsorption and gas separation yields [13,14],
these being among the most promising materials in this field. Their high specific surface area (even
values up to 6255 m2/g [15]) combined with high total pore volume (1.303 cm3/g [16]) and great porosity
(91.1% [17]) are responsible for the large adsorption capabilities, exceeding in the majority of cases
other common materials [18]. The materials’ structure is made up by an organic ligand, such as
imidazole or pyrazine, which links different metal ions or clusters corresponding to each MOF type
(copper, aluminium, etc.). These combinations form a cage-like structure that is repeated continuously,
conferring on these materials a high degree of crystallinity [19]. Two of the main characteristics of the
MOFs are the flexibility in the design, which means a huge variety of organic ligands and metallic ions
that allow on-demand materials to be made, and the pore functionalization, presenting high interesting
adsorptive and catalytic properties. The possibility of performing a large number of combinations
has led to an astonishing number of works related to the synthesis of MOFs suitable for different
applications, which include gas storage and separation [20]. For example, in the case of methane
separation from other gases, Arami-Niya et al. [21] have tested the zeolitic imidazolate framework
(ZIF-7) for the separation of methane from nitrogen, obtaining a selectivity of more than 10 for an
equimolar mixture at 303 K. In addition, other authors such as Eyer et al. [22] have studied different
materials capable of selectively adsorbing methane from air mixtures, obtaining promising results
in the case of HKUST-1, with a selectivity methane/nitrogen of 2.8 and a large gravimetric methane
adsorption capacity (171.36 mg/g) at 100 kPa and 196 K. Thus, MOFs have led to satisfactory results at
the laboratory level in the case of low-concentrated methane separation from mixtures [23,24], with no
experiences being performed at greater scales.

Therefore, most of the experimentation at lab scale and the properties’ studies are done on
the original powder form, since the most-used techniques for the MOFs synthesis are solvothermal
methods, which generally produce powders [25]. Industrial-scale difficulties occur as a result of
pressure drops associated with powder-filled beds, high diffusional problems and low density of
the materials [26,27]. In order to reduce the pressure drop through the bed, there are techniques for
increasing particle size and MOF densification: mechanical, hydraulic or hot pressing, extrusion, solid
or emulsion templating, and the use of a polymeric binder [28,29]. In addition, there are also other
techniques currently in development, such as the sol-gel monolithic synthesis [30]. Among them,
mechanical compression is an inexpensive procedure and avoids the use of additional components like
polymeric binders, which may change the physical properties of MOFs [31]. However, compression
pelletization could also induce amorphization as well as phase transformations, which could influence
also the adsorption capacities of the MOFs [32,33].

In this way, several studies deal with the effect of mechanical compression on hydrogen adsorption
for MOF-5 [34,35] and MIL-101 [36] MOFs; as well as on CO2 adsorption [37]. By contrast, there
are fewer works related to the influence of MOFs’ densification on the methane adsorption. For
example, Yuan et al. have studied the behavior of PCN-250 on the methane and nitrogen adsorption at
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densification pressures up to 300 MPa [38]. General pressure-effects are, added to the loss of gravimetric
performance, an increase in the volumetric adsorption capacity, in addition to higher stability in a
humid ambient. Typically, these adsorption studies are done at elevated gas pressures since the main
objective is to increase material density and volumetric adsorption capacity for meeting gas storage
challenges. In this work, the aim is the separation of methane from low-concentration streams, so
adsorption studies have been conducted at low pressure (0.1 MPa).

Therefore, the aim of this work is to study, firstly, the pressure-induced changes on the morphology
and structure of three of the most common (and commercially available) MOFs, Basolite C300, Basolite
F300 and Basolite A100; and, secondly, on the methane and nitrogen adsorption capacity at low pressure
(0.1 MPa). The study of the adsorption capacity for methane (component to be recovered in VAM)
and nitrogen (majority component in VAM) establishes a benchmark for the use of these commercial
materials at industrial scale for obtaining profiting lean emissions as a novel energy source.

2. Materials and Methods

Basolite C300 [Cu3(C9H3O6)2], Basolite F300 (C9H3FeO6) and Basolite A100 (C8H5AlO5) were
manufactured by BASF and supplied by Aldrich (96% mass basis purity, Steinheim, Germany). All
three materials were stored in a desiccator in order to avoid its contact with the ambient air. Particles
were used in powder form, being the commercial size: Basolite C300 (16 μm, D50), Basolite F300 (5 μm)
and Basolite A100 (32 μm, D50). Methane (CH4), nitrogen (N2) and helium (He), with a purity >99.995%
mol, were supplied by Air Liquide (Madrid, Spain).

The pelletization method was performed using a hydraulic press (Graseby SPECAC 15.011,
Orpington, UK) at compression pressures of 55.9, 111.8 and 186.3 MPa, for 30 s. Starting pressure
was selected considering two considerations: ensuring the pelletization of the material to work at the
actual conditions, and the lower operating limit of the hydraulic press used for this purpose. The
resulting pellets were crushed and sieved in order to obtain powder (<50 μm) to perform all the
successive analysis.

Breakthrough adsorption curves were obtained by flowing either CH4 or N2 (60%) diluted
in He with a total flowrate of 50 mL/min, 298 K and 0.1 MPa of total pressure in a Micromeritics
AutoChem II 2920 apparatus (Norcross, GA, USA) through a fixed bed of each sample (30 mg). The
evolution of CH4, N2 and He signals were followed in a Pfeiffer vacuum Omnistar Prisma mass
spectrometer (Pfeiffer Vacuum, Asslar, Germany). Adsorption gravimetric capacity was obtained from
desorption experiments that were performed in the same apparatus flowing a He stream (20 mL/min
and 0.1 MPa) with a temperature ramp of 5 K/min from 298 K to 463 K, recording also the outlet with
the mass spectrometer.

The textural characteristics of specific surface area and pore volume were estimated by
N2 physisorption at 77 K in a Micromeritics ASAP 2020 surface area and porosity analyzer
(Norcross, GA, USA). Physisorption data was processed using Brunauer–Emmett–Teller (BET),
Barrett–Joyner–Halenda (BJH) and t-plot approaches for determining surface area, total mesopore
volume and total micropore volume, respectively. Variations in average pore size were calculated by
assuming pore cylindrical geometry. Scanning electron microscopy (SEM) images were obtained by
using a JEOL 6610LV scanning electron microscope (JEOL, Yvelines, France). The samples were coated
with gold prior to observation.

The crystallographic structures of the materials were determined by powder X-ray diffraction
(PXRD) using a Philips PW 1710 diffractometer (Koninklijke Philips, Amsterdam, The Netherlands),
working with the Cu-Kαline (λ = 0.154 nm) in the 2θ range of 5–85◦ at a scanning rate of 2◦/min.
Variations in the materials cell structure were verified by the Bragg law. Consequently, variations
in lattice parameters of the structures were obtained through the standard equations for cubic,
orthorhombic and monoclinic structures.
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3. Results

3.1. Materials Characterization

Figures 1–3 show the SEM images of powder in the commercial form, as well as the sieved
powder after the three pressure treatments. As can be observed, materials in the original form show
well-defined particulate shapes, polyedric form in case of Basolite C300, and rounded shape in the
case of Basolite F300 and Basolite A100. Size distribution seems to be wide for all of them, being the
original size order: Basolite A100 > Basolite C300 > Basolite F300. Pressure increments lead to particle
fragmentation, with the subsequent formation of irregular particle agglomerates. At the highest
pressure (186.3 MPa) individual particles are practically indistinguishable, which become part of a
large individual no-shaped bulk, especially for Basolite C300 and A100.

Figure 1. Scanning electron microscope (SEM) images of Basolite C300 (zoom in 50 μm) ((A): original,
(B): 55.9 MPa, (C): 111.8 MPa, (D): 186.3 MPa).

Figure 2. Cont.
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Figure 2. SEM images of Basolite F300 (zoom in 10 μm) ((A): original, (B): 55.9 MPa, (C): 111.8 MPa,
(D): 186.3 MPa).

Figure 3. SEM images of Basolite A100 (zoom in 10 μm) ((A): original, (B): 55.9 MPa, (C): 111.8 MPa,
(D): 186.3 MPa).

Figure 4 shows the adsorption-desorption isotherms determined by N2 physisorption analysis at
77 K. As shown in the figure, pristine samples exhibit a combination of type I (b) and type II isotherms,
according to the International Union of Pure and Applied Chemistry IUPAC. The first zone (up to
P/P0 = 0.8) resembles a type I (b) isotherm, with a steep elevation of the adsorbed quantity at very
low pressure, and a subsequent maintenance. It is characteristic of microporous materials with wide
micropores and possibly narrow mesopores [39]. The second area, up to a P/P0 = 1, shows a more
pronounced increase of adsorbate retained, which resembles the final part of a type II isotherm. This
indicates the adsorption onto macroporous or non-porous materials in multilayer disposition, which
corresponds to the external phase of MOFs [40]. A combination of these two isotherms usually results
in a type IV isotherm, but in this case no characteristic hysteresis is observed, and the end of the
isotherms is not a plateau [41]. As the densification pressure increases, the isotherms are closer to type
I (b), due to the material agglomeration and the consequent loss of external surface availability. In
addition, in all the materials a marked reduction is observed in the quantity adsorbed at low P/P0 after
pressure compression, indicative of a reduction in the total micropore volume, as it can be seen in the
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expanded graph (Figure 4). Micropores are clogged when particles are agglomerated with each other,
in agreement with SEM images (Figure 1). The results show a significant effect of pelletization pressure
on the morphology of the three MOFs (Table 1). Basolite C300 exhibits the highest BET surface loss
(95.4%) at the highest pressure, although even at 55.9 MPa, the BET surface decrease reaches a value of
54.2%, in addition to 69.4% for total pore volume, which rules out the appearance of mesopores in
the structure. In agreement, Casco et al. [42] have observed a great structural collapse by applying
mechanical pressure (1.5 tons) to this material.

Basolite F300 presents high decreases in specific surface area (up to 93.3%) and micropore volume
(96.3%), but lower in mesopore volume (up to 56.8%). The sharp BET decrease at 55.9 MPa shows the
ease with which micropores collapse. However, the scarce total mesopores volume variation in the
whole pressure range indicates the appearance of narrow mesopores in the structure (Table 1), as it
is confirmed by the presence of some hysteresis (H4 type, according to IUPAC) at high P/P0 values,
marked in case of 55.9 and 111.8 MPa. For this material, the appearance of two leaps in total mesopore
volume value is also remarkable, one between original material and 55.9 MPa and the other between
111.8 and 186.3 MPa. This indicates that the appearance of mesopores is higher at 111.8 MPa, increasing
the total mesopore volume even above of the previous applied pressure (55.9 MPa). Despite that, the
total pore volume is reduced (0.15 to 0.13 cm3/g) in that pressure increment. This could be attributed to
the formation from the voids of interparticular pore volume, as a result of the compaction.

Figure 4. Cont.
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Figure 4. Adsorption (•) and desorption (�) N2 isotherms (77 K). Basolite C300 (A), Basolite F300 (B)
and Basolite A100 (C). Original sample (Blue), 55.9 MPa (Orange), 111.8 MPa (Grey) and 186.3 MPa
(Green). The graphs on the left are zoom of the low pressure zone (up to P/P0 = 0.1) on logarithmic scale.

Table 1. Variations of Brunauer–Emmett–Teller (BET) surface area, Barrett–Joyner–Halenda (BJH) total
mesopore volume, t-plot total micropore volume and average pore size with applied pressure.

Material
Applied

Pressure (MPa)

BET Specific
Surface Area

(m2/g)

BJH Mesopore
Volume
(cm3/g)

t-Plot
Micropore

Volume
(cm3/g)

Average Pore
Size (Å)

C300

0 1466.8 0.53 0.71 33.7
55.9 671.2 0.09 0.29 22.9
111.8 364.8 0.07 0.14 23.2
186.3 67.6 0.06 0.02 47.3

F300

0 1015.4 0.15 0.27 16.5
55.9 276.2 0.09 0.06 22.3

111.8 173.4 0.11 0.02 28.8
186.3 67.8 0.06 0.01 41.2

A100

0 655.9 0.77 0.28 64.0
55.9 380.2 0.57 0.06 65.8

111.8 362.1 0.54 0.05 65.1
186.3 35.4 0.06 0.01 70.1

Finally, Basolite A100 presents also high specific surface and total pore volume losses, but with a
different trend than the others. The first applied pressure (55.9 MPa) provokes the highest BET surface
decrease (42.1%). However, the following pressure does not affect greatly either the BET surface or
the pore volume (Table 1). In agreement, Ribeiro et al. [43], after application of 62 and 125 MPa to
the material, observed null relation between applied pressure and the morphological parameters,
obtaining really similar results for both pressures. Finally, at the maximum pressure, a BET surface
and total pore volume decrease of 94.6% and 93.3% was reached, respectively.

Figure 5 illustrates the effect of the applied pressure on the crystallinity of both pristine and
pressure-modified MOFs. The relative crystallinity is obtained by comparison of the main peak among
the series of each material, assuming 100% of crystallinity for the commercial material (Table 2) [44]. In
addition, peaks’ displacement along the x-axis and the appearance of new ones may mean changes in
the material structure (Table 3).
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Figure 5. Powder X-ray diffraction (PXRD) patterns of the three materials at different applied pressures
((a): Basolite C300, (b): Basolite F300 and (c): Basolite A100). Applied pressures are ordered from top
to bottom in increasing order (0, 55.9, 111.8 and 186.3 MPa).
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Table 2. Relative crystallinity losses associated with applied pressure (referred to the original material).

Material Pressure (MPa) Crystallinity Loss (%)

C300

0 0
55.9 19.51

111.8 62.07
186.3 69.93

F300

0 0
55.9 0

111.8 4.31
186.3 14.08

A100

0 0
55.9 69.35

111.8 68.52
186.3 68.38

Table 3. Cell total volume and lattice parameters for each structure depending on applied pressure.

Material Pressure (MPa) a (Å) b (Å) c (Å) α (◦) β (◦) γ (◦) Volume (Å3)

C300

0 25.9 25.9 25.9 90 90 90 17,452.2
55.9 26.2 26.2 26.2 90 90 90 17,992.8

111.8 26.2 26.2 26.2 90 90 90 17,992.8
186.3 26.1 26.1 26.1 90 90 90 17,901.2

A100

0 16.1 6.56 13.2 90 90 90 1397.4
55.9 6.56 14.3 14.8 90 105 90 1351.7

111.8 6.43 12.9 16.2 90 108 90 1280.5
186.3 5.83 13.7 16.1 90 110 90 1205.4

The pristine Basolite C300 powder X-ray diffraction (PXRD) pattern shows the typical peaks
reported for this material at 2θ = 6.7◦, 9.5◦, 11.65◦, 13.5◦, 19.3◦ and 26◦, in addition to three little peaks
at 35.5◦, 38.7◦ and 36.43◦, which indicate some CuO and Cu2O impurities [45,46]. After pressure is
applied, the intensity of the peaks decreases progressively, indicative of crystallinity loss (Table 2). As
its PXRD pattern is practically coincident with HKUST-1, a face-centered cubic structure is assumed [47],
consisting of 16 copper atoms, 8 at the corners, as well as 6 at the center of the cube faces. Low-angle
peaks (9.5◦, 11.65◦ and 13.5◦) present (220), (222) and (400) as Miller indices [48]. The net parameter
(a) is obtained from the lattice plane of (222), Table 3. As shown, the cell volume remains practically
unalterable (maximum variation of 1%), due to the structure rigidity [49]. In agreement, McKellar et al.
reported variations of 2.6% for densification pressures of 3.9 GPa [50]. Likewise, the non-appearance of
new crystalline peaks indicates that the cubic structure is maintained [51,52]. Therefore, the pressure
effect on Basolite C300 consists of crystallinity destruction, in agreement with the BET surface area and
pore volume reduction with the pressure, but remaining unaltered the cubic structure of unaltered
cells. In agreement, Peng et al. [53] have studied the effect of mechanical pressure (up to 5 tons) onto
HKUST-1, indicating a great micropore volume loss (N2 physisorption analysis), in addition to a total
collapse of the crystalline structure (PXRD analysis).

For pristine Basolite F300, a characteristic peak at 2θ= 11◦ is observed, despite the low resolution of
the pattern as a consequence of the semiamorphous nature of the material and the elevated background
values due to the iron fluorescence [54]. In fact, Basolite F300 is a distorted form of crystalline
MIL-100(Fe) [55], and possesses a zeolite MTN topology [56]. In this case, the semiamorphous nature
of the material just allows observing an increase of the amorphous matter with the pressure (Table 2).
As it is a semiamorphous material, crystallinity is slightly reduced in relative terms [57], not reflected in
the BET surface, which does not depend on crystallinity and is severely affected by increased pressure.
Particle agglomeration causes the collapse of micropores, as it was demonstrated in Figure 4.
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Finally, in the case of Basolite A100, this shows a structure practically coincident with MIL-53(Al)
MOF, with characteristic peaks at 2θ = 8.8◦, 15.25◦ and 17.75◦ [58]. The original pattern obtained is
close to that of the large-pore (lp) phase of MIL-53(Al), which is coincident with an orthorhombic
structure [59]. For this result, three different net parameters make up the structure and all the angles
are right. Diffracting planes that match the characteristic peaks are (101), (011) and (210) [60,61]. As the
applied pressure progresses, the appearance of new peaks around 2θ = 20◦ indicates a movement to the
narrow-pore (np) phase [62,63]. In this case, structural changes are high, due to the phase transition,
reaching differences up to 13.7% for total cell volume (Table 3). In fact, according to Ghoufi et al. [64], the
cell shows a monoclinic structure [65] from, approximately, 53 MPa onwards. As observed, transition
to the np structure has an associated reduction of the total cell volume, as well as a decrease of the a
parameter, in conjunction with increasing trends in the rest of the parameters, including the β angle.
This increase in the β angle denotes a flattening on one of its axes [62,66], being these phase changes
reversible [59]. Thus, this structure is characterized by its great flexibility. Regarding crystallinity, after
the initial loss at the lowest pressure, it remains practically unchanged. The first applied pressure
changes the material structure to np phase, which is known for its high resistance to external pressure
and flexibility [63], thus maintaining crystallinity for successive applied pressures. The same occurs at
55.9 and 111.8 MPa in the case of BET available surface and total pore volume, which are practically
maintained after an abrupt decrease despite the increase of applied pressure.

3.2. Performance Analysis

The gravimetric adsorption capacity of the samples was calculated from desorption analyses.
Figure 6 plots adsorption capacity at different applied pressures as well as the relationship between
adsorption capacity and BET specific surface area for each material. Basolite C300 shows a dramatic
total decrease of its adsorption capacity with applied pressure, following a progressive trend as in
the case of crystallinity and BET surface area. After the first pressure applied, some microporosity
is still available, observing decreases of the adsorption capacity of 10.8% for nitrogen and 6.25% for
methane. A further pressure increase will led to the total loss of adsorption capacity, BET surface
and crystallinity. Additionally, the adsorption capacity/BET surface area ratio is practically linear at
low applied pressures, showing certain dependence on BET surface. At the highest pressure, a sharp
increase is observed, probably due to the increased role of active metal centres in the adsorption, once
the crystalline structure was collapsed.

In the case of Basolite F300, a decreasing trend of the capacity of adsorption with the applied
pressure is observed, the downward trend being more pronounced at the highest pressure (loss of 41.3%
for N2 and 36.5% for CH4), Figure 6B. Adsorption capacity follows a similar trend to BJH total mesopore
volume (Table 1), which could be related to its originally semi-amorphous properties, in which the
adsorption capacity is not drastically reduced until a certain pressure limit. The accessibility to metal
adsorption sites is maintained due to the appearance of mesopores and, thus, the intracrystalline
diffusivity increases. This increase in accessibility is closely related to the smooth downward trend in
adsorption capacity, showing an almost linear relationship with the specific available surface.
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Figure 6. Adsorption capacity for pure methane (blue) and nitrogen (orange) for different applied
pressures at 298 K and 0.1 MPa of total pressure (figures on the left), and its relation with BET specific
surface area (figures on the right). Basolite C300 ((A), �), Basolite F300 ((B), �) and Basolite A100
((C), •).

For Basolite A100, a sharp decrease is observed after the first applied pressure, coincident with the
asymptotic trend of BET surface area to the last applied pressures (Figure 6). This may be due to the
presence of pure CH4 and N2, which provokes the transition to the lp phase at ambient conditions, thus
increasing the adsorption capacity by increasing the accessibility to metallic adsorption centers [67].
In fact, from adsorption capacity/BET surface ratio, a constant behavior is observed at the lowest
pressures, and a sudden increase at the highest one, due to the drastic reduction of specific surface
area after the transition to the lp phase which allows the metallic adsorption centers to have great
relevance in the adsorption. Comparing this with other techniques, Finsy et al. [68] have studied the
effect of making pellets of MIL-53(Al) using polyvinyl alcohol as a binder. They indicated a reduction
of 32% in micropore volume with a pore accessibility reduction of 19% in the best of the cases, which
hinders adsorption processes. In fact, it must be pointed out that the presence of a binder can affect the
adsorption behavior of the material [69].

From Figure 6 it is observed that the relative adsorption capacity decreases are higher for N2

than for CH4, and it may be related to metal adsorption centers being available, and more selective
towards CH4 than N2 [70]. Thus, after surface area and total pore volume reduction, the available
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active metallic centers play a more relevant role in the selective gas adsorption, especially in Basolite
C300 and A100 cases. The influence of the applied pressure in the CH4/N2 selectivity (mass basis)
is shown in Figure 7. The increasing slope for Basolite C300 is markedly higher than for the other
materials, due to the presence of a higher percentage of metal in its structure (31.5% of copper, vs.
21.2% and 12.9% of iron and aluminum for Basolite F300 and A100, respectively). Therefore, the higher
metal content in the structure, the greater the selectivity-increasing trend with applied pressure.

Figure 7. Adsorption CH4/N2 selectivity (mass basis) for each material at different applied pressures,
at 298 K and 0.1 MPa of total pressure. Basolite C300 (�), Basolite F300 (�) and Basolite A100 (•).

Breakthrough adsorption curves for CH4 and N2 in a fixed bed are shown in Figure 8. In general,
for all the samples, breakthrough times (hence, adsorption capacity) are higher for CH4 than for N2,
being attributed to the presence of metallic active adsorption sites and the difference in polarizability
of both molecules [70].

Figure 8. Cont.
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Figure 8. Adsorption breakthrough curves for CH4 and N2 onto the three MOFs at different applied
pressures (Original: blue •, 55.9 MPa: orange �, 111.8 MPa: grey �, 186.3 MPa: yellow �). Basolite
C300 ((a): methane, (b): nitrogen), Basolite F300 ((c): methane, (d): nitrogen) and Basolite A100 ((e):
methane, (f): nitrogen). Black lines are used to guide the view.

In the case of Basolite C300, there is a slight difference in the slope between the original material
and the others, most obvious in N2 case. As N2 molecular size is lower than CH4 (3.65 and 3.82 Å,
respectively), this molecule may penetrate in narrower pores than CH4. Likewise, a decrease in the
Knudsen diffusion coefficient led to more inclined curves [71,72]. The Knudsen diffusion coefficient
(DK) depends on the pore diameter (dp), since the other parameters are constant for all the experiments.
Variations in the Knudsen diffusion coefficient affects directly the breakthrough curve, since it influences
adsorbate mass transfer kinetics within the microporous adsorbent.

The reduction in total available specific surface, especially in the micropores zone (low P/P0),
indicates that these narrower pores have been totally collapsed by compression (Figure 4). This collapse
is common in MOFs when pressure is applied, due to their extraordinary initial porosity [73]. This
provokes the following applied pressures to present less-inclined breakthrough curve slopes, but also
having less adsorptive capacity, as evidenced by the x-axis order of their breakthrough times (Figure 8).
Breakthrough times follow, approximately, the same trend as BET surface area.

In the case of Basolite F300, all the samples, except the original one, show the same slope for
breakthrough curves, but in this case the difference is lower than in C300 case. The original sample
presents a more inclined breakthrough curve for both adsorbates, which indicates a lower Knudsen
diffusion coefficient. Applied pressure modified the pore structure, plugging the micropores, but
without reducing greatly the total pore volume by the appearance of mesopores that facilitate the
penetration, so the differences in accessibility are softer (Figure 4). The high resemblance between the
55.9 and 111.8 MPa curves (Figure 8) is remarkable and can be related to the no-clear total mesopore
volume dependence on pressure (Table 1). The appearance of mesopores in the structure enhance the
intracrystalline diffusivity [74], which may be the dominant factor in this case, since the crystallinity is
not great affected by mechanical pressure. Dhakshinamoorthy et al. have studied the high relevance of
the intracrystalline diffusivity in this material, applied to the case of an oxidation reaction [75].

Finally, in the case of Basolite A100, despite the change from orthorhombic to monoclinic structure
and the total cell volume reduction, the presence of pure CH4 and N2 causes the return to the lp phase
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at ambient conditions, for which the penetration is easier, obtaining a steep curve for all cases due to the
structure flexibility [76]. As is also observed, the breakthrough curves of the original material present
more resistance than the others, especially for N2. Despite the return to lp phase, the agglomeration
provoked a certain irreversible reduction of micropore volume, which increases the Knudsen diffusion
coefficient since the average available pore size is higher (Table 1). It is remarkable that differences
in CH4 breakthrough times follow almost the same trend as crystallinity, whereas in the N2 case, the
trend is similar to specific surface or total pore volume.

4. Conclusions

Structural and morphological transformations of three MOFs (Basolite C300, Basolite F300 and
Basolite A100), as well as CH4 and N2 uptakes variation, were studied after appliance of mechanical
pressure to the materials. Basolite C300, a rigid crystalline material, experimented a dramatic and
progressive loss of crystallinity, as well as surface area and pore volume, which implies lower adsorption
capacity due to its characteristic pores collapse. In the case of Basolite F300, a semiamorphous material,
this experienced also a high decrease of surface area and micropore collapse due to agglomeration, but
keeping total pore volume due to the appearance of mesopores in the structure. This transformation
implies an increase of intracrystalline diffusivity and, then, lower adsorption capacity losses. For
Basolite A100, a flexible crystalline MOF, a transformation is observed from orthorhombic disposition
to monoclinic structure from 55.9 MPa onwards, in addition to high permanent losses of microporosity
due to agglomeration. This structure change is reversible, returning to the lp phase in presence of CH4

and N2 at ambient conditions. This fact increases the accessibility to metallic active centers and an
asymptotic decrease of the adsorption capacity is observed. Additionally, the key role of metal active
sites in the CH4/N2 selectivity was pointed out. In fact, an increased selectivity for the three MOFs
was observed with the applied pressure, decreasing this positive effect in the order: Basolite C300
(Cu, 31.5%) > Basolite F300 (Fe, 21.2%) > Basolite A100 (Al, 12.9%). However, the total gravimetric
adsorption capacity has experienced high losses for all of them. Despite that, Basolite C300 stands
out above the other two. It has greater adsorption capacity and also a higher metallic content in its
structure. In addition, it is able to retain 94% of its adsorption capacity when applying a pressure of
55.9 MPa, enough to increase its particle size and be able to operate in real adsorption stages.
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Abstract: BaFe1−xCuxO3 perovskites (x = 0, 0.1, 0.3 and 0.4) have been synthetized, characterized
and tested for soot oxidation in both Diesel and Gasoline Direct Injection (GDI) exhaust conditions.
The catalysts have been characterized by BET, ICP-OES, SEM-EDX, XRD, XPS, H2-TPR and O2-TPD
and the results indicate the incorporation of copper in the perovskite lattice which leads to: (i) the
deformation of the initial hexagonal perovskite structure for the catalyst with the lowest copper
content (BFC1), (ii) the modification to cubic from hexagonal structure for the high copper content
catalysts (BFC3 and BFC4), (iii) the creation of a minority segregated phase, BaOx-CuOx, in the
highest copper content catalyst (BFC4), (iv) the rise in the quantity of oxygen vacancies/defects for
the catalysts BFC3 and BFC4, and (v) the reduction in the amount of O2 released in the course of
the O2-TPD tests as the copper content increases. The BaFe1−xCuxO3 perovskites catalyze both the
NO2-assisted diesel soot oxidation (500 ppm NO, 5% O2) and, to a lesser extent, the soot oxidation
under fuel cuts GDI operation conditions (1% O2). BFC0 is the most active catalysts as the activity
seems to be mainly related with the amount of O2 evolved during an. O2-TPD, which decreases with
copper content.

Keywords: Iron-based perovskites; copper; NO oxidation to NO2; NO2-assisted diesel soot oxidation;
soot oxidation under GDI exhaust conditions

1. Introduction

The high toxicity of particulate matter (PM) or soot, mainly produced by internal combustion
engines, is well established. As in Europe the transport sector generates a 14% of PM2.5 (particulates
with a size lesser than 2.5 m, the most hazardous portion), the actual European emissions legislation
(Euro 6c) for new passengers vehicles meet or decreases the Particulates Numbers (PN) generated
by Gasoline Direct Injection (GDI) to the level corresponding to Diesel engines [1]. GDI engines are
considered more effective than diesel engines due to the substantial decrease of fuel intake and CO2

emissions [2]. Consequently, a growth in the US and European market of GDI cars is being observed.
To attend the actual European emission legislation, the use of Gasoline Particulate Filter (GPF) is
necessary for GDI vehicles, as the Diesel Particulate Filter (DPF) was for Diesel vehicles. In both filters,
periodic regeneration is demanded to avoid soot accumulation in the channels of the filter [3–5].

In Diesel engine, as NO2 promotes soot oxidation, a catalyst able to oxidize NO to NO2 is
incorporated into the DPF to carry out the NO2-assisted soot oxidation. In fact, several systems (most
of them containing Platinum Group Metals, PGM) were developed and implemented in diesel cars to
oxidize soot. However, recently, the EU [6] has highlighted that the use of critical raw materials (such
as PGM) must be optimized.

Nanomaterials 2019, 9, 1551; doi:10.3390/nano9111551 www.mdpi.com/journal/nanomaterials57
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Based on the success of DPF in diesel engines, GPF is proposed as a solution for GDI engines.
The operating requirements of GPF differ largely from those of the DPF, as NO2 is not present and
a very low amount of O2 is available in the GDI exhaust downstream the TWC [7–9]. Thus, active
catalysts to oxidize soot in poor (or even null) oxygen conditions must be developed. However, even
though it is a challenging issue, the soot oxidation reaction in the severe GDI exhaust requirements
(i.e., <10,000 ppm of O2) has been scarcely studied [8–10].

Among the catalysts suggested for O2-soot oxidation [8–18], one of the most interesting are mixed
oxides with perovskite structure (ABO3), as their properties can be tailored by selecting the nature of
the A and B ions according to the specific needs of the oxidation reaction [19]. Certainly, perovskites
are an option with future potential as soot oxidation catalysts in DPF conditions [16–26], as well
as for other oxidation reactions such as CO, hydrocarbons and volatile organic compounds [27–33].
In previous papers [26,34], the beneficial result of the incorporation of copper into the structure
of BaMnO3 and BaTiO3 perovskites for NO2-assisted diesel soot oxidation was explored. Lately,
Hernández et al. [8,9] stated that iron-based perovskites are also appealing as soot oxidation catalysts
in GDI exhaust requirements.

Considering this background, and taking into account the promising performance previously
featured by a BaFe1−xCuxO3 catalysts series for soot oxidation in the most severe GDI exhaust
requirements (regular stoichiometric GDI operation, i.e., 0% O2) [35], the objective of this research is to
further study the influence of the partial replacement of iron by copper in the properties of a BaFeO3

perovskite which will define its catalytic performance for soot oxidation. Therefore, BaFe1−xCuxO3

catalysts (x = 0, 0.1, 0.3 and 0.4) were synthetized, characterized and tested for soot oxidation in both
diesel and “fuel cuts” GDI exhaust conditions (i.e., 1% O2).

2. Materials and Methods

2.1. Catalyst Preparation

BaFe1−xCuxO3 catalysts (x = 0, 0.1, 0.3, 0.4) have been obtained using a citrate sol-gel method [26].
Ba(CH3COOH)2 (Sigma-Aldrich, 99%), Fe(NO3)2·9H2O (Sigma-Aldrich, 97%) and Cu(NO3)2·3H2O
(Panreac, 99%) have been employed as metal precursors. Briefly, a 1M citric acid solution, with a 1:2
molar ratio with respect to barium has been heated to 60 ◦C. The solution pH has been raised to 8.5 with
ammonia solution. Subsequently, the corresponding amounts of barium, iron, and copper precursors
have been incorporated, and the pH value has been readjusted to 8.5 with ammonia solution. The
solution was hold at 65 ◦C during 5 h and later dried at 90 ◦C for 48 h. The dried gel has been calcined
at 150 ◦C for 1 h and then, at 850 ◦C 6 h [26]. Table 1 includes the catalysts nomenclature.

Table 1. Molecular composition, specific surface area, copper content, and Goldschmidt tolerance
factor (t) * values for BaFe1−xCuxO3 catalysts.

Catalyst
Molecular

Composition
BET Specific Surface

Area (m2/g) *
Nominal Cu

(wt %)
ICP Cu
(wt %)

T (Fe3+) ** t (Fe4+) **

BFC0 BaFeO3 4 – – 1.09 1.12
BFC1 BaFe0.9Cu0.1O3 1 2.5 2.5 1.09 1.12
BFC3 BaFe0.7Cu0.3O3 1 7.7 7.0 1.08 1.10
BFC4 BaFe0.6Cu0.4O3 3 9.1 9.1 1.07 1.09

* In the range of experimental detection limit. ** Calculated as: t = RBa+RO√
2·(((1−x)·RFe+xRCu)+RO)

.

2.2. Characterization

To measure the metal content in the samples by Inductively Coupled Plasma Atomic Emission
Spectroscopy (ICP-OES), a Perkin-Elmer equipment (Optima 4300 DV) has been used. For the
analysis, copper was extracted dissolving the samples with magnetic stirring in 8M HCl solution by
reflux heating.
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An Autosorb-6B instrument (Quantachrome Instruments, Boynton Beach, FL, USA) was used to
determine, by N2 adsorption at −196 ◦C, the Brunauer Emmet Teller (BET) surface area of the samples,
which were previously degasified at 250 ◦C for 4 h.

X-ray diffraction (XRD) tests were performed between 20–80◦ 2θ angles with a step rate of
1.5◦/2 min and using CuKα (0.15418 nm) radiation in a Bruker D8-Advance device. The Rietveld
analysis of XRD data was developed with the Automatic Rietveld Refinement (HIGHScore Plus from
PANalytical program).

A ZEISS Merlin VP Compact Field Emission Scanning Electron Microscopy (FESEM) equipment
(Quantax 400 from Bruker, Berlin, Germany) was employed to analyze the morphology of the catalysts
and to determine the elemental composition of the catalysts (by Energy Dispersive X-Ray analysis, EDX).

X-Ray Photoelectron Spectroscopy (XPS) was used to obtain the surface composition. To register
the XPS spectra, a K-Alpha photoelectron spectrometer by Thermo-Scientific, with an Al Kα (1486.6
eV) radiation source, was used in the following conditions: 5 × 10−10 mbar pressure in the chamber
and setting the C1s transition at 284.6 eV. The binding energy (BE) and kinetic energy (KE) values were
then determined with the peak-fit software of the spectrophotometer, to regulate the BE and KE scales.

Reducibility of the catalysts was evaluated by Temperature Programmed Reduction with H2

(H2-TPR). The experiments were developed in a Pulse Chemisorb 2705 device from Micromeritics
fitted with a Thermal Conductivity Detector (TCD to find out the outlet gas composition changes. 20
mg of the sample was heated at 10 ◦C/min from room temperature to 1000 ◦C in 5% H2/Ar atmosphere
(40 mL/min, Pt = 1 atm). The H2 consumption amount was determined using a CuO sample supplied
by Micromeritics.

2.3. Activity Tests

The catalytic activity for NO to NO2 oxidation and NO2-assisted diesel soot oxidation was
established by Temperature Programmed Reaction (NOx-TPR) using of a gas mixture composed of
500 ppm NOx and 5% O2, balanced with N2 (500 mL/min gas flow). For NO oxidation experiments,
80 mg of the catalyst were mixed with SiC, in a 1:4 mass ratio, and warmed from 25 to 800 ◦C, at
10 ◦C/min, in a quartz fixed-bed reactor. The activity for diesel soot oxidation was evaluated adding
20 mg of Printex U from Degussa (employed as surrogated soot, which represents the least reactive
fraction of particulate matter [8–10,16,26,34–38]), in loose contact with the catalyst. For the catalyst
with the highest activity, isothermal soot oxidation reactions at 450 ◦C were also performed. The gas
composition was monitored by specific Non-dispersive Infrared Ultraviolet NDIR-UV gas analyzers
for NO, NO2, CO, CO2, and O2 (Rosemount Analytical Model BINOS 1001, 1004 and 100). The NO2

generation, soot conversion and CO2 selectivity percentages were calculated using Equations (1), (2),
and (3), respectively:

NO2(%) =
NO2, out

NOx,out
× 100 (1)

Soot conversion(%) =

∑t
0 CO2 + CO

(CO2 + CO)total
× 100 (2)

CO2 selectivity (%) =
CO2, total

(CO2 + CO)total
× 100 (3)

where NO2,out and NOx,out are the NO2 and NOx concentrations determined at the reactor exit,
t∑

0
CO2 + CO is the quantity of CO2 and CO evolved at a time t, and and (CO2 + CO)total are the CO

and CO2 + CO evolved during all the experiment time.
To determine the catalysts performance for soot oxidation in GDI exhaust conditions, a gas mixture

with 1% O2 in He was used as it is the typical O2 concentration at the turbine-GDI engine exit, i.e.,
upstream the TWC [8], but also because it simulates the fuel cut GDI operation conditions (<20%
O2) [7]. These experiments were developed as Temperature Programmed Reactions (6 ◦C/min from
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150 ◦C temperature till 900 ◦C, 500 mL/min gas flow) in a quartz fixed-bed reactor using 80 mg of
the catalysts and 20 mg of Printex-U (1:4 soot/catalyst ratio in loose contact) mixed with SiC. A Gas
Chromatograph (Hewlet Packard 8690) with two packed columns (Porapak Q and Molecular Sieve 5a)
connected to a Thermal Conductivity Detector (TCD) was used for the measure of the gas composition.
Previous to the soot oxidation reaction, the catalysts were preheated in the reaction mixture (1% O2 in
He) at 150 ◦C during 1 hour. The soot conversion and CO2 selectivity percentages were calculated
using Equations (2) and (3), respectively.

3. Results and Discussion

3.1. Characterization of the Fresh Catalysts

3.1.1. Chemical, Morphological, and Structural Properties

Table 1 features the real copper content and BET surface area of the BaFe1−xCuxO3 (x = 0, 0.1, 0.3,
0.4) perovskites obtained by ICP-OES and N2 adsorption, respectively. All the BaFe1−xCuxO3 catalysts
present a very low surface area, as it corresponds to mixed oxides with perovskite structure [19]. The
data of the real copper content (very close to the nominal corresponding to the stoichiometric formula)
reveal that nearly all the copper used in the synthesis appears in the catalysts. Concerning morphology,
FESEM images (Figure S1 in Supplementary Information) show that catalysts are formed by highly
agglomerated irregular grains with a size in the range of micrometer. The presence of a low amount of
copper (BFC1 and BFC3) does not significantly change the morphology of the bare perovskite; however,
for the catalyst with highest copper content (BFC4), a different type of grains is detected which could
correspond to a new phase. The EDX data (see Table S1 in Supplementary Information) reveal an
identical atomic percentage of Ba and Fe for BFC0, as expected according to perovskite composition
(BaFeO3). However, for BFC4, in addition to the presence of Cu, larger atomic percentages of Ba and
O are detected. This fact supports the existence of a new phase composed by barium, oxygen, and
copper in the surface of this catalyst.

Figure 1 features the XRD profiles, showing (as expected according to the calculated t values shown
in Table 1) a perovskite structure as an almost unique crystalline phase for all catalysts. Additionally, a
Fe(III) and Fe(IV) mixed-oxide with triclinic structure is identified as a minority phase for BFC0 and
BFC1, while, for BFC4, a BaOx-CuOx phase (with a suggested stoichiometry of BaCuO2) appears. This
oxide could correspond to the different type of grains observed by FESEM for BFC4 catalyst (Figure
S1d in Supplementary Information) and justifies the EDX data (Table S1 in Supplementary Information)
for this catalyst.

Figure 1. XRD patterns for fresh BaFe1−xCuxO3 catalysts.

For BFC0 and BFC1 catalysts, the diffraction peaks are assigned to a hexagonal perovskite structure;
however, for BFC3 and BFC4, the peaks are consistent with a cubic structure. These results agree
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with the decrease in the t parameter values (Table 1), which becoming closer to 1 (corresponding
to an ideal cubic structure) as the copper content increases. This structural modification (which
has been verified by the Rietveld analysis presented in Figure 2 was previously noticed for other
barium-based perovskites [26,34,38] and also for Sn- doped BaFeO3 perovskites [39], and supports that
Cu has been introduced into the perovskite lattice. Concerning BFC1, the reduction in the intensity
of the main perovskite peak (at. 31.5◦) evidences that copper has been inserted into the perovskite
structure [26,34,38]. Moreover, except for the catalyst with a highest copper content (BFC4), peaks
corresponding to a copper segregated phase are not clearly identified, revealing that copper species are
not segregated or, if they are, they would present a size under the detection limit of XRD. Finally, for
BFC4, the presence of the BaOx-CuOx phase as minority segregated phase shows a limit in the amount
of copper introduced into the perovskite framework [26,34,35,38].

Figure 2. Cont.
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Figure 2. Rietveld analysis for (minority phase not included in the analysis): (a) BFC0: in red the
original XRD pattern, in blue the Rietveld simulation corresponding to hexagonal perovskite structure
and in green the residual data corresponding to triclinic structure; (b) BFC1: in red the original XRD
pattern, in blue the Rietveld simulation corresponding to hexagonal perovskite structure and in green
the residual data corresponding to triclinic structure; (c) BFC3: in red the original XRD pattern, in blue
the Rietveld simulation corresponding to cubic perovskite structure and in green the residual data
corresponding to BaCuO2; (d) BFC4: in red the original XRD pattern, in blue the Rietveld simulation
corresponding to cubic perovskite structure and in green the residual data corresponding to BaCuO2.

The average crystal size for the catalyst has been determined from the Full Width at Half Maximum
(FWHM) of the main perovskite XRD peak (in hexagonal or cubic structure) applying the Scherrer
equation [40]; data are included in Table 2. The average crystal size is smaller for the catalyst
containing copper with hexagonal structure (BFC1) than for the bare perovskite (BFC0). On the
contrary, for catalysts with cubic structure (BFC3 and BFC4), the average crystal size increases with
the copper content. The lattice parameter for hexagonal (a and c) and cubic (a) perovskites have also
been estimated from XRD data (Table 2). As the average crystal size, the decrease in a and c values
is observed in the presence of copper for the catalyst with hexagonal structure (BFC1), confirming
that copper has been inserted into the lattice. However, as the ionic radii of copper (as Cu2+, 0.73
Å) is larger than the Fe3+ ionic radii (0.65 Å) or Fe4+ (0.59 Å), an increase in the lattice parameters
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would be expected if this was the unique factor affecting the values. Nevertheless, it has been reported
that a modification in the amount of the oxygen vacancies affects the lattice parameter [41], thus, it
seems that the amount of oxygen vacancies is also being affected by copper incorporation into the
BaFeO3 perovskite framework. For cubic perovskites (BFC3 and BFC4), the lattice parameter is almost
constant but larger than the corresponding to a reference BaFeO3 with cubic structure (4.012 Å) [39],
again supporting that copper has been inserted into the lattice.

Table 2. XRD characterization data of BaFe1−xCuxO3 catalysts.

Catalyst XRD Phase Identification Average Crystal Size (nm) * a (Å) * c (Å) *

BFC0 BaFeO2.67, hexagonal 17.0 5.684 13.925
BFC1 BaFeO2.67, hexagonal 12.4 5.667 13.908
BFC3 BaFeO3, cubic 14.3 4.019 -

BFC4 BaFeO3, cubic,
Ba0.9Cu1.06O2.43

16.9 4.018 -

* Calculated using the main XRD perovskite peak.

Summarizing, from XRD data, it can be concluded that copper is inserted into the perovskite
structure causing: (i) the distortion of the original hexagonal perovskite structure for the catalyst
with the lowest copper content (BFC1), (ii) the modification from hexagonal to cubic structure for
the catalysts with high copper content (BFC3 and BFC4), (iii) the formation of a BaOx-CuOx oxide
as minority segregated phase for BFC4 catalyst, and iv) a possible increase in the amount of oxygen
vacancies/defects.

3.1.2. Surface Properties

XPS analysis provides data about the surface composition of the BaFe1−xCuxO3 perovskite
catalysts. The XPS profiles corresponding to the Cu 2p3/2 transition are presented in Figure 3. Reduced
copper species, such as metallic copper or Cu2O, usually appear at a binding energy (BE) close to 933 eV,
while, for Cu(II) species, the Cu 2p3/2 transition appears above 933 eV [36,42–44]. In Figure 3, the BE
maximum of the main XPS band appears slightly above 933 eV in the three catalysts containing copper,
suggesting the presence of Cu(II) species. Moreover, Cu(I) and Cu(II) species can be distinguished by
the presence of a satellite peak at 942–945 eV, due to an electron transfer from Cu 2p3/2 to 3d free level
in Cu(II) [45]. The existence of the satellite peak for the three copper-content catalysts, that reveals the
presence of Cu(II) species [45], confirms that copper is present as Cu(II) species. Additionally, based on
the use of Auger data (Cu LMM) [45], the existence of Cu(II) species has been verified as reveals the
Wagner (chemical state) plot shown in Figure S2 (Supplementary information). The deconvolution of
the normalized Cu 2p3/2 bands reveals two contributions with maxima at around 933 eV and 935 eV,
which seem to correspond to two different Cu(II) species [42–44]: (i) the band at lower BE, assignable
to copper species with a weak electronic interaction with perovskite, that is, to CuO species located
on the surface (CuS) and (ii) the band at higher BE, corresponding to copper species with a strong
electronic interaction with perovskite (CuL), i.e., copper inserted in the lattice, near the surface. As the
percentage of the area for the XPS band at 935 eV (CuL band) increases with the copper content from
26% to 33%, it seems that the presence of copper with a strong electronic interaction with perovskite
is favored as copper content increases. However, a slight decrease of this value is observed for the
BFC4 catalyst with respect to BFC3 (33% versus 35%), confirming that a limit for the copper insertion
has been achieved. In fact, a comparison between the Cu/Cu+Fe+Ba ratio calculated by XPS and the
corresponding nominal ratio (both data included in Table 3) confirms that copper has been inserted
into the perovskite structure, as the XPS ratio are lower (for BFC1 and BFC3) or similar than (for BCF4)
the nominal ratio [25,34–38]. It is remarkable that the smallest difference between these two values is
presented by BFC4 catalyst, supporting, again, the limit in the copper insertion. Therefore, the copper
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which is not introduced into the lattice has to be dispersed on the surface forming the BaOx-CuOx
phase, which was detected by XRD and EDX, as copper content is higher for BFC4 (Table 1).

Figure 3. XPS spectra for Cu2p3/2 transition.

Table 3. XPS characterization data of BaFe1−xCuxO3 catalysts.

Catalyst Cu/ Ba+Fe+Cu (nominal) Cu/ Ba+Fe+Cu (XPS) OL/ Ba+Fe+Cu (XPS)

FC0 - - 1.30
BFC1 0.05 0.03 1.70
BFC3 0.15 0.09 1.10
BFC4 0.20 0.21 1.10

Figure 4 features the XPS spectra of the Fe 2p3/2 for BaFe1−xCuxO3 catalysts and the corresponding
to a Fe2O3 commercial sample use as reference. The maximum of the main XPS band for the four
catalysts does not appear at exactly the same (BE) value than the corresponding to the reference
suggesting the presence of Fe species with a different oxidation state or with the same oxidation state
but in different proportion. The deconvolution of the main band shows two significant contributions
at around 709 eV and 711 eV. Even though the identification of iron oxidation states by XPS is very
difficult [46], according to literature [39,46–50], the first peak corresponds to Fe(III) species, and the
second one could be assigned to Fe(IV) species [48–50]. It has been established that the position of
the satellite peak is the key finger to detect the oxidation state of Fe [46,48]. Thus, the shake-up peak
observed at 717 eV (which corresponds to the satellite peak of Fe(III)) supports the existence of this
oxidation state [39,46,48,51]. However, the presence of Fe(IV) seems not to be supported by the XPS
data, as the high BE peak at approximately 711 eV is not always unequivocally assigned to this oxidation
state [46,48]. Thus, more evidence from other characterization techniques is needed to assume that
Fe(IV) exits. The TPR-H2 results (see below) indicate that Fe(IV) and Fe(III) oxidation states co-exist in
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the BaFe1−xCuxO3 catalysts, as it is observed that the experimental H2 consumption is in between the
nominal (calculated) H2 consumption expected, considering that iron as Fe(III) or Fe(IV) is reduced to
Fe(II). The presence of Fe(IV) in BaFe1−xCuxO3 catalysts is additionally supported by the well-known
stabilization of high oxidation state for B cation, as Fe(IV), in perovskites [19,39,48–50]. On the basis of
the BaFeO3 stoichiometric formula, Fe(IV) must be the oxidation state for Fe in the perovskite, and,
in the presence of copper, a rise in the Fe(IV) amount and /or the generation of additional oxygen
vacancies into the perovskite structure would be expected to compensate the deficiency of positive
charge due to the partial iron substitution [19]. In fact, the decrease in the lattice parameter observed by
XRD for BFC1 with respect to BFC0 (Table 2) suggests an increase in the Fe(IV), which presents a lower
ionic ratio that Fe(III). However, for BFC2 and BFC3, the lattice parameter (Table 2) increases revealing
that the amount of Fe(IV) cannot be higher; thus, the generation of additional oxygen vacancies should
be observed to balance the positive charge deficiency due to the increase of the copper content in the
catalyst. This larger amount of oxygen vacancies has to cause the lattice expansion detected [41].

Figure 4. XPS spectra for Fe2p3/2 transition.

Figure 5 presents the XPS spectra of the O1s transition for all catalysts, where three contributions
are usually observed [36,42–44]: (i) at low BE (around 528 eV), corresponding to lattice oxygen (OL) in
metal oxides, (ii) at intermediate BE (between 529 and 531 eV), assigned to adsorbed oxygen species
such as, O2

−2, surface CO3
−2, and/or OH− groups, and (iii) at high BE (533 eV approximately) due to

oxygen in adsorbed water [52–55]. The intensity of the bands is modified in the presence of copper
revealing changes in the amount of oxygen species on the catalysts surface. The values of OL/Cu+Ti+Ba
ratio in Table 3 (determined from the peak area of OL, Fe2p3/2, Ba3d3/2, and Cu2p3/2 transitions) is
higher for BFC1 than for the bare BFC0 perovskite, which means a lower amount of surface oxygen
vacancies. This fact supports that the oxidation of Fe(III) to Fe(IV) occurs in the BFC1 perovskite to
compensate the positive charge deficiency due to copper incorporation. However, for BFC3 and BFC4
catalysts, the lower OL/Cu+Ti+Ba ratio with respect to the nominal value confirms the generation of
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additional oxygen vacancies to balance the positive charge deficiency due to partial iron substitution
by copper. Additionally, these results justify the change in the values of lattice parameters observed,
that is: (i) the lower lattice parameters values for BFC1 catalyst with respect to BFC0 (Table 2) are due
to the decrease in the amount of oxygen vacancies (Table 3), as, for this catalysts, the oxidation of Fe(III)
to Fe(IV) takes place and (ii) the larger values for BFC3 and BFC4 (Table 2) are due to the rise in the
amount of oxygen vacancies with respect to BFC0 (Table 3).

Figure 5. XPS spectra for O 1s transition.

3.1.3. Redox Properties

Reducibility and redox properties of the fresh BaFe1−xCuxO3 catalysts were analyzed by
Temperature Programmed Reduction with H2 (H2-TPR), which are the H2 consumption profiles
shown in Figure 6. In Figure 7, the nominal (calculated) H2 consumption (mL of H2 per gram of
catalysts) expected considering that iron, as Fe(III) or Fe(IV) in the perovskite, is reduced to Fe(II), is
compared with the experimental H2 consumption determined from the H2-TPR profiles (Figure 6). It is
observed that the experimental H2 consumption is in between both nominal values revealing that Fe(IV)
and Fe(III) oxidation states co-exist in the BaFe1−xCuxO3 catalysts. Furthermore, the experimental H2

consumption data indicates that the amount of Fe(IV) increases in the presence of copper.
In the complex H2 consumption profiles shown in Figure 6, three regions can be established [56–58]:

a) At low temperature, between approximately 200 ◦C and 550 ◦C, a broad H2 consumption signal
is observed for all the catalyst that, according to literature, can be ascribed to different reduction
processes: (i) the Cu(II) [34,38] reduction, (ii) the Fe(IV) and Fe(III) reduction to Fe(III) and Fe(II),
as was observed for Fe3O4, and iii) the reduction of weakly chemisorbed oxygen upon surface
oxygen vacancies of perovskite (α-oxygen) [34].

b) From around 550 ◦C to 700 ◦C, the H2 consumption peaks correspond to both the reduction of
Fe(III) to Fe(II) as detected for the reduction of Fe3O4 to FeO and to the decomposition of surface
oxygen species formed on oxygen vacancies (called α’-oxygen) [34], more strongly bonded to the
perovskite than α-oxygen.
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c) At high temperatures (T > 700 ◦C), broad TCD signals assigned to the reduction of Fe(II) to
Fe(0) (causing the consequent destruction of the perovskite structure) could be found [56–58].
Nevertheless, the XRD data for catalysts after H2-TPR (not shown) reveal that the perovskite
structure is still present, thus, the reduction to Fe(0) is not taking place and, consequently, H2

consumption is hardly observed at T > 700 ◦C. Therefore, the most relevant information related
to the redox properties of the BaFe1−xCuxO3 catalysts is located at T < 700 ◦C.

BFC0 profile shows two peaks at temperature lower than 700 ◦C: a broad peak with maximum at
ca 300 ◦C and a more defined peak with a maximum at around 670 ◦C. The H2 consumption detected
at temperature lower than 300 ◦C is usually related to the presence of Fe(IV) [56–58], supporting
the existence of this oxidation state. The second H2 consumption peak, with a maximum at 670 ◦C,
corresponds to the reduction of Fe(III) to Fe(II) and to desorption/reduction of oxygen surface species
formed on oxygen vacancies (α’-oxygen) [34].

Figure 6. H2-TPR profiles for BaFe1−xCuxO3 catalysts.

Figure 7. H2 consumption (mL/g of catalyst).

In the H2 consumption profile of BFC1 catalyst, a broad peak with two maxima, at approximately
350 ◦C and 450 ◦C, is identified. The first maximum is ascribed to the Cu(II) to Cu(0) reduction
(appearing at lower temperature than the CuO used as a reference [38]) and also to the consumption
due to the partial Fe(IV) and Fe(III) reduction to Fe(III) and Fe(II), respectively. The second maximum
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of this broad peak at 450 ◦C seems to correspond to: i) the reduction of Fe(III) to Fe(II), taking place at
lower temperature than for the BaFeO3 catalyst, due to the presence of reduced copper [26] and ii) the
desorption/reduction of strongly bonded oxygen species (’-oxygen) [34].

In the H2-TPR profile of the BFC3 catalyst, a broad peak between 300 and 500 ◦C is detected
with a well-defined maximum at 320 ◦C, followed by a shoulder around 380 ◦C. The first maximum
corresponds to the reduction of Cu(II) to Cu(0) and it is better defined than the corresponding to BFC1
due to the higher copper content. As for BFC1, the low H2 consumption at T < 300 ◦C confirms the
presence of Fe(IV). The shoulder at 380 ◦C has to be related with the reduction of Fe(III) to Fe(II) that
seems to take place at lower temperature than for BFC1. This fact supports that the formation of
metallic copper (which is more easily reduced than iron) promotes the reduction of Fe(III) to Fe(II), as
was previously observed for the reduction of manganese species in BaMn1−xCuxO3 catalysts series [26].

Concerning BFC4, a sharp H2 consumption peak with a maximum at 315 ◦C is found, followed
by a low intensity peak with a maximum at around 475 ◦C. The presence of this well- defined peak,
which is ascribed to Cu(II) to Cu(0) reduction, confirms the existence of copper oxide (II) species [34].
In fact, for this catalyst, BaOx-CuOx oxide has been detected by XRD and FESEM, thus, the sharp
peak corresponds to the reduction of this copper oxide. The second peak has to be due to the Fe(III)
reduction to Fe(II) that, for BFC1 and BFC3 catalysts, takes place at lower temperature that for BFC0.

After the analysis of the H2-TPR profiles for three catalysts, it can be concluded that the Fe(III)
reduction to Fe(II) takes place at similar temperature for BFC1 and BFC4 (450 ◦C and 475 ◦C, respectively);
this happens at lower a temperature (380 ◦C) for the BFC3 catalyst, probably due to its higher content
of lattice copper (see Table 3).

Concluding, H2-TPR results indicate the co-existence of Fe(III) and Fe(IV) and suggest that copper
incorporation promotes the reduction of Fe(III) to Fe(II).

3.1.4. O2 Release During Heat-Treatment in He (O2-TPD)

In the O2 profiles evolved by perovskite mixed oxides during a heat treatment in He (O2-TPD),
three regions are usually observed [26,39,59–68]. The lower temperature region, at T < 400 ◦C
corresponds to weakly chemisorbed oxygen upon surface-oxygen vacancies (denoted as oxygen). The
intermediate region, between 400 ◦C and 700 ◦C, is ascribed to near-surface oxygen associated to lattice
defects such as dislocations and grains frontiers (designed as α’ oxygen). Therefore, the presence of
α and α‘-oxygen is directly linked with the presence of surface vacancies/defects of oxygen in the
structure [64–66]. Finally, the oxygen evolved at temperature higher than 700 ◦C, named β oxygen, is
generally related with the lattice oxygen (which comes from the reduction of B cation (Fe in this case) of
the perovskite [66]) and it is related with the oxygen mobility and with the inner bulk oxygen vacancies.

Figure 8 shows the O2 profiles for the BaFe1−xCuxO3 catalysts. The O2–TPD profiles show that α
and α‘-oxygen are mainly evolved by most of the BaFe1−xCuxO3 catalysts [8,9]. BFC0, BFC3, and BFC4
exhibit a higher oxygen signals than BFC1 and, therefore, higher quantity of surface oxygen vacancies,
agreeing with the XPS results (lower OL/Cu+Ti+Ba ratio). Regarding α‘-oxygen, BFC1 presents the
highest signal, which evidences the great structure distortion (as exhibited by XRD) promoted by
a small Cu incorporation. The total quantity of O2, calculated from the area under the O2 profiles,
diminishes as copper content grows: 424 μmol/g cat (BFC0) > 333 μmol/g cat (BFC1) > 282 μmol/g
cat (BFC3) > 275 μmol/g cat (BFC4). Thus, as it has been previously published [39], the addition of a
dopant seems to stabilize the oxygen bonded to Fe and leads to a decrease in the desorbed O2. For
BFC4, a grown in the β oxygen has been detected, probably related to the structural modification and
the presence of the BaOx-CuOx phase identified by XRD.
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Figure 8. O2-TPD profiles for BaFe1−xCuxO3 catalysts.

The phase composition of BaFe1−xCuxO3 catalysts after the O2-TPD has been determined by XRD
(Figure S3 in Supplementary Information). For BFC0 and BFC1 catalysts, the hexagonal perovskite
structure is replaced by a monoclinic BaFeO2.5 phase (with ordered oxygen vacancies) after losing a
fraction of the lattice oxygen. On the contrary, BFC3 and BFC4 catalysts preserve the cubic perovskite
structure after O2 release. This founding agrees with the conclusions of Huang et al. [39], who pointed
out the increase in the structure stability due to the presence of a dopant (copper in our case). Note
that the most stable catalysts (BFC3 and BFC4) are those with ideal (cubic) perovskite structure. The
higher structural stability in the presence of copper could be relevant for catalytic applications at
high temperature.

3.2. Catalytic Activity

3.2.1. NO2 Generation and Diesel Soot Oxidation

Figure 9 shows the NO2 generation profiles obtained in TPR conditions for BaFe1−xCuxO3 catalysts
including, as reference, the thermodynamic equilibrium profile. As observed for other perovskite-based
catalysts [26,34–38,64,67], the thermodynamic equilibrium limits the NO2 percentage at T > 500 ◦C. All
catalysts accelerate the NO to NO2 oxidation at temperature lower than 500 ◦C, being the copper-free
catalyst (BFC0) the most active. In general terms, the NO2 generation follows the same sequence than
the amount of oxygen evolved during O2-TPD, except for BFC4 catalyst. Note that the two catalysts
evolving large amount of and ’-oxygen, that is, BFC0 and BFC1, are also the catalysts generating more
NO2 at low temperature (T < 300 ◦C). This is in agreement with the relationship found by Onrubia et
al. [64] between the amount of and ’ oxygen evolved by the catalysts (Sr-doped LaBO3 (B =Mn or Co
perovskites) and the activity for the NO to NO2 oxidation. Note that BFC4 shows a slightly higher
NO2 generation capacity than BFC3, which has to be related with the presence of copper species on the
surface (BaOx-CuOx) that also catalyze the NO2 production [34].
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Figure 9. NO2 generation profiles in TPR conditions s for BaFe1−xCuxO3 catalysts.

To evaluate the activity of the catalysts for NO2-assisted diesel soot oxidation, Temperature
Programmed Reactions in a NO/O2 atmosphere (see Experimental Section for details) were carried out,
and the TPR-NOx soot conversion profiles (calculated based on the amount of CO and CO2 evolved)
are featured in Figure 10. Relevant data, such as the ignition temperature (T5%), the temperature
required to reach 50% of soot conversion (T50%), and the selectivity to CO2, are included in Table 4.
It can be concluded that all the catalysts shift the soot conversion profiles to lower temperatures
compared to the uncatalyzed reaction (blank corresponding to bare soot) and, consequently, the T5%

and the T50% are lower. In agreement with the NO2 profiles (Figure 9), BFC0 is the most active catalyst
for diesel soot oxidation as the addition of copper decreases the catalyst activity for soot conversion.
Moreover, for BFC0 the T50% value is close to 500 ◦C, thus, this perovskite could be used as potential
catalyst for the soot removal from diesel engine exhaust [69]. The decrease in the activity for soot
oxidation after the addition of a dopant (copper in our catalysts) was also observed by Huang et al. [39]
for Ag-doped LaFeO3 catalysts. These authors related the lower activity of Ag-perovskites for soot
oxidation with the reduction in the amount of surface oxygen vacancies due to the anchorage of Ag
nanoparticles. Furthermore, the reaction rate for methane combustion of a series of oxygen deficient
SrFeO3 perovskites was related with the quantity of oxygen vacancies in the structure [58]. In fact,
a relationship between soot oxidation performance and oxygen vacancies has been published [70].
Thus, in BaFe1−xCuxO3 catalysts, the decrease in the total amount of O2 evolved as copper content
increases apparently leads to a decrease in the activity for both NO to NO2 and soot oxidation. Note
that BFC4 does not match this trend as it shows the lowest T5% y T50% values among the catalysts
containing copper (BFC1, BFC3, and BFC4). This catalyst presents the highest fraction of surface
copper species, which also catalyzes the NO2/soot oxidation reaction [26,34,36], and hence, improves
its catalytic performance. Therefore, the activity for NO2 generation and the amount of surface copper
species seem to determine the catalytic performance. Thus, the highest NO2 generation capacity of
BFC0 catalyst seems to justify its highest soot oxidation activity, while it is the largest fraction of surface
copper species present in BFC4, which seems to justify its higher soot oxidation activity compared
to BFC3.
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Figure 10. TPR soot conversion profiles in NOx for BaFe1−xCuxO3 catalysts.

Table 4. Data for NO2-assisted diesel soot oxidation in TPR conditions BaFe1−xCuxO3 catalysts.

Catalysts T5% (◦C) T50% (◦C) CO2 Selectivity (%)

Bare soot 480 612 41

BFC0 430 543 51

BFC1 455 605 70

BFC3 480 605 66

BFC4 454 590 90

Additionally, the data in Table 4 reveal that, as could be expected [26,34,36,37], all the catalysts
show a higher CO2 selectivity than the uncatalyzed reaction (bare soot), with BFC4 being the most
selective. Thus, CO2 selectivity increases with the amount of surface copper species (Table 3) as this
metal is a well-known catalyst for CO to CO2 oxidation.

Due to its high activity, the performance of the BFC0 catalyst was deeply analyzed and five
consecutives TPR-NOx soot oxidation cycles were carried out using the same portion of catalyst. As
the T50% values for the first (543 ◦C) and fifth cycle (561 ◦C) are still under those corresponding to the
uncatalyzed reaction (612 ◦C), it can be concluded that the catalyst is not significantly deactivated. In
fact, the XRD data (shown in Figure S4 in Supplementary Information) of this used catalyst (after five
TPR-NOx cycles) reveal that the hexagonal perovskite structure is not significantly modified. This
means that, in the presence of oxygen in the reaction atmosphere, the catalyst keeps its structure and,
consequently, its activity for soot oxidation in TPR conditions.

Finally, to complete the BFC0 evaluation, its catalytic performance for NO2-assisted diesel soot
oxidation in isothermal conditions was determined by carrying out two consecutive soot oxidation
experiments at 450 ◦C. The soot oxidation profiles at 450 ◦C (featured in Figure S5 in Supplementary
Information) show that BFC0 catalyst is able to oxide soot without a significant deactivation and
showing a high CO2 selectivity (close to 80%). The soot oxidation rate was calculated at the beginning
of the reaction, in order to avoid the effect of high soot consumption, as being 1.2 min−1, which is
not too far from a commercial model Pt/Al2O3 catalyst (1.8 min−1) used in the same experimental
conditions. Thus, it seems that BaFeO3 perovskite could be a potential catalyst for diesel soot oxidation
and, consequently, it could be used as an active phase for DPF.

71



Nanomaterials 2019, 9, 1551

3.2.2. Soot Oxidation in GDI Conditions

A preliminary study about the use of BaFe1−xCuxO3 perovskites to catalyze the oxidation reaction
of soot under the highest demanding GDI exhaust requirements (regular stoichiometric GDI operation,
i.e., 0% O2) revealed that these oxides could be used as active phase for GPF [35]. It was concluded
that the copper content has an essential role on the performance of the BaFe1−xCuxO3 catalysts for soot
oxidation, agreeing with previous reports focused on diesel soot removal [10,26,34,36–38] and with the
report for copper-supported ceria-zirconia catalysts for soot oxidation in GDI conditions [10]. These
results confirm that the higher soot conversion presented by BFC4 with respect to the catalysts with
lower copper content (BFC1 and BFC3) is linked both to the largest amount of β oxygen evolved by
this catalyst, and with the presence of surface copper species (as BaOx-CuOx) [10,34,36–38].

To further analyze the performance of these BaFe1−xCuxO3 perovskites in GDI exhaust conditions,
a study using 1% O2 in He (which represents the named “fuel cuts” GDI exhaust conditions) has been
developed [9]. Figure 12 shows the profiles of CO2 and CO evolved during temperature programmed
reaction experiments, including the profiles for the uncatalyzed reaction (blank corresponding to bare
soot), as reference. Note that in the presence of BaFe1−xCuxO3 catalysts, the amount of CO decreases
and the amount of CO2 increases. This means that, as could be expected [26,34,36,37], and as was
observed during soot conversion reaction in NOx atmosphere, the catalysts increase the selectivity to
CO2 from 56% for bare soot to 93% for BFC0, 70% for BFC1, 79% for BFC3, and 87% for BFC4. As for
NO2 assisted diesel soot oxidation, the BFC0 catalyst is the most active and the addition of copper
seems to decrease the ability of the catalysts to improve the CO2 selectivity. Additionally, as it has been
deduced from soot conversion results in NOx atmosphere (see Table 4) that BFC4 presents the highest
CO2 selectivity among the copper containing catalysts due to the presence of the surface copper species.

Figure 11. Cont.
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Figure 12. CO2 (a) and CO (b) profiles during TPR soot oxidation in 1% O2 for BaFe1−xCuxO3 catalysts.

Figure 13 shows the soot conversion profiles in 1% O2, calculated based on the amount of evolved
CO and CO2 featured in Figure 12.

Figure 13. TPR soot conversion profiles in 1% O2 for BaFe1−xCuxO3 catalysts.

In general terms, and in agreement with previous results for BaMn1−xCuxO3 catalysts [26], the
catalytic effect is less relevant than the observed for NO2-assisted diesel soot oxidation. Thus, only
BFC0 and BFC1 catalyze the soot oxidation with oxygen as the conversion profiles are shifted to lower
temperature with respect to bare soot for these two catalysts. As observed for NO2 generation (see
previous section), and in agreement with published conclusions [39,58,70], the soot conversion with
oxygen follows the same trend than the amount of oxygen evolved during O2-TPD (Figure 8) as the
most active catalysts (BFC0 and BFC1) are those generating the largest amount of oxygen. In fact, the
highest activity of BFC1 at low temperature, i.e., at T < 600 ◦C approximately, seems to be related
with the largest amount of and ’ evolved (Figure 8). Thus, it seems that a similar reaction pathway is
followed by soot oxidation with oxygen and with NO2-assisted diesel soot oxidation, even though
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the catalytic effect is more relevant for the latter reaction than for the former. Hence, it could be
concluded that the BaFe1−xCuxO3 perovskites catalyze more effectively the NO2-soot reaction than
the O2-soot reaction. Additionally, the comparison of these results with the obtained in the most
demanding GDI conditions (0% O2) [35] reveals that copper has an essential role on the performance of
the BaFe1−xCuxO3 catalysts for soot oxidation only in the absence of oxygen in the reaction atmosphere.

Summarizing, the activity data above discussed reveals that the BaFe1−xCuxO3 perovskites
catalyze both, the NO2-assisted diesel soot oxidation (500 ppm NO, 5% O2) and, to a lesser extent, the
soot oxidation in the “fuel cut” GDI exhaust conditions (1% O2). BFC0 is the most active catalyst as the
activity seems to be mainly related with the amount of O2 evolved during an O2-TPD, which decreases
with copper content.

4. Conclusions

The results obtained for the BaFe1−xCuxO3 (x = 0, 0.1, 0.3 and 0.4) catalyst series allows us to
conclude that:

• Partial substitution of iron by copper in the lattice of a BaFeO3 perovskite generates a distortion of
the hexagonal perovskite structure for the lowest copper content catalyst (BFC1), and a change to
cubic structure for the catalysts with higher copper content (BFC3 and BFC4).

• The amount of copper inserted into the perovskite framework achieve a maximum for the
highest copper content catalyst (BFC4), which provokes the presence of BaOx-CuOx as a minority
segregated phase.

• The positive charge deficiency due to the partial substitution of Fe by Cu seems to be balanced
by the oxidation of Fe(III) to Fe(IV) in the BFC1 perovskite and by the generation of additional
oxygen vacancies/defects, for BFC3 and BFC4 catalysts.

• BaFe1-xCuxO3 perovskite catalyze both the NO2-assisted diesel soot oxidation (500 ppm NO,
5% O2) and, to a lesser extent, the soot oxidation in the high demanding GDI exhaust conditions
(1% O2)

• BFC0 is the most active catalyst for both oxidation reactions. The activity seems to be mainly
related with the amount of O2 evolved during an O2-TPD, which decreases with the copper
content of the catalyst.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/11/1551/s1,
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catalysts; Figure S2: Wagner (chemical state) plot for BaFe1−xCuxO3 catalysts; Figure S3: DRX patterns after
O2-TPD for BaFe1−xCuxO3 catalysts (dotted lines). As reference, XRD patterns of fresh catalysts (solid line) have
been included; Figure S4: DRX patterns after TPR-NOx with soot for BFC0 catalyst (dotted line). As reference,
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Abstract: In this study, we reported on the effect of promoting Ni/ZrO2 catalysts with Ce, Ca (two
different loadings), and Y for the aqueous-phase reforming (APR) of methanol. We mainly focused
on the effect of the redox properties of ceria and the basicity provided by calcium or yttrium on
the activity and selectivity of Ni in this reaction. A systematic characterization of the catalysts was
performed using complementary methods such as XRD, XPS, TPR, CO2-TPD, H2 chemisorption,
HAADF-STEM, and EDS-STEM. Our results reveal that the improvement in reducibility derived
from the incorporation of Ce did not have a positive impact on catalytic behaviour thus contrasting
with the results reported in the literature for other Ce-based catalytic compositions. On the contrary,
the available Ni-metallic surface and the presence of weak basic sites derived from Ca incorporation
seem to play a major role on the catalytic performance for APR of methanol. The best performance
was found for a Ce-free catalyst with a molar Ca content of 4%.

Keywords: aqueous-phase reforming; nickel; ceria; zirconia; calcium; yttrium; methanol

1. Introduction

The future of the so-called hydrogen economy is linked to the possibility of developing economical
clean and sustainable methods for both the production of H2 and its subsequent conversion into
energy [1]. Some of the applications adapted to this energy model would operate, for example, with
electricity generated in a fuel cell powered by in situ produced hydrogen thus overcoming problems
associated with storage, transport, and handling of hydrogen gas [2]. In this sense, methanol derived
from biorefinery water fractions can be considered an interesting source of hydrogen, as it is an
economic product with a considerable H2 content (13%) and easily transportable (liquid at room
temperature). The transformation of methanol into hydrogen can be achieved by reforming, with the
aqueous-phase reforming (APR) proposed by Dumesic [3] being the most interesting alternative as
long as it is carried out at low temperature and does not require prior vaporization of the reagents
such as in the case of classic steam reforming processes [4].

The APR of methanol involves the decomposition of the organic compound to produce CO and
H2 (Equation (1)). In this case, C–C bond cleavage is not necessary, and CO and H2 are produced
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through C–H and O–H bond cleavage. The CO is then converted into CO2 and H2 by the water–gas
shift (WGS) reaction, for which H2O dissociation is needed (Equation (2)).

CH3OH→ CO + 2H2 (1)

CO + H2O→ CO2 + H2 (2)

However, under normal operating conditions (i.e., low temperature), the hydrogenation reactions
of CO and CO2 to produce methane and water (Equations (3) and (4)) are thermodynamically favoured,
compromising the H2 selectivity in APR.

CO + 3H2 → CH4 + H2O (3)

CO2 + 4H2 → CH4 + 2H2O (4)

Thus, a suitable catalyst for APR should promote the reforming (Equation (1)) and WGS (Equation
(2)) reactions and inhibit the methanation reactions (Equations (3) and (4)).

Davda et al. [5] reported a comparative study of the catalytic behaviour of a series of metals
such as Pt, Ru, Rh, Pd, Ir, and Ni in APR reactions. The catalytic activities obtained for Pt and Ni
were comparable and superior to those shown by the rest of the metals. Although nickel catalysts
are economically preferable to Pt, they have two major drawbacks for APR: (1) they favour the
methanation reactions therefore reducing the hydrogen selectivity [6,7] and (2) they have a significant
tendency to deactivation by oxidation or sintering under hydrothermal conditions [8]. To become
a real alternative to Pt in APR, these two limitations of Ni catalysts must be overcome. One of the
most commonly used strategies consists of combining nickel with specific promoters or supports.
Thus, for example, it has been reported that Ni/CeO2 shows great potential to be used in the APR of
glycerol, exhibiting higher H2 selectivity than Ni/Al2O3 [9]. Improved catalytic performances were
also obtained with Ni–Ce–O catalysts for aqueous-phase reforming of ethanol [10]. This is generally
attributed to the singular redox properties of ceria (i.e., high oxygen storage capacity and oxygen
mobility) which promote preferentially the WGS versus the methanation reaction and, thus, enhancing
the hydrogen production [11,12]. The CeO2–ZrO2, CeO2–La2O3 and CeO2–TiO2 mixed oxides have
also been successfully used as support of Pt or Ni for APR, achieving a higher hydrothermal stability
compared to pure CeO2 [13–16].

The effect of the basicity of the support has also been investigated by several authors. Guo et
al. [17] found that the catalytic performances of a series of Pt-supported catalysts followed the same
trend than the basicity measured by CO2-TPD. They concluded a correlation between the WGS ability,
promoted in this case by basic supports, and the APR activity. Menezes et al. [18] reported that Pt/MgO
performed better that Pt supported on alumina, zirconia or ceria, and attributed its success to the
basicity of MgO.

In a previous work, we reported on the performance of a Ni/CeO2/YSZ (YSZ: yttrium-stabilized
zirconia) catalyst for the CO2 reforming of CH4 [19]. This formulation exhibited not only high activity
but also an outstanding stability under reaction conditions. The excellent redox properties provided by
the support were found to be a key factor in preventing the accumulation of carbon deposits responsible
for the deactivation of the catalyst. Based on that work, we here report on a series of Ni/CeO2/X-ZrO2

(X = Ca, Y) catalysts designed to simultaneously develop enhanced redox and basic properties, the
latter resulting from the incorporation of calcium. These catalysts have been prepared and evaluated
for hydrogen production by APR of methanol. The effect of these properties on the activity and
selectivity of Ni has been specially addressed in order to determine their relative influence on the
catalytic performance. This is a crucial point for tailoring more efficient catalysts for APR. A detailed
characterization of the catalysts employing different techniques such as X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), temperature programmed reduction with H2 (H2-TPR), temperature
programmed desorption of CO2 (CO2-TPD), high-angle annular dark-field scanning transmission
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electron microscopy (HAADF-STEM) and energy dispersive X-ray spectroscopy (EDS-STEM) was
carried out to look for correlations between chemical properties and catalytic behaviour.

2. Materials and Methods

2.1. Catalysts Preparation

Calcia-stabilized zirconia (CSZ), yttria-stabilized zirconia (YSZ), and pure zirconia (Z) were used as
supports for nickel and ceria-modified nickel catalysts. These oxides were prepared by a hydrothermal
method from a 0.5 M zyrconil nitrate (ZrO(NO3)2·6H2O) (Sigma Aldrich, St. Louis, MO, USA) solution
containing calculated amounts of calcium or yttrium nitrates (Sigma Aldrich, St. Louis, MO, USA) to
obtain molar ratios of 4% and 14%, in the case of CSZ samples (4CSZ and 14CSZ), and 8% in the case of
the YSZ (8YSZ). The pH was adjusted to 10 by adding a NaOH (Sharlau, Barcelona, Spain) 1 M solution
under vigorous stirring. The hydrothermal synthesis was performed in PTFE vessels heated at 200 ◦C
over 24 h. After cooling to room temperature, the powders were separated by centrifugation and
washed with Milli-Q water until pH = 7. Subsequently, they were dried at 110 ◦C, grounded, sieved
(300–600 μm fraction), and finally calcined at 500 ◦C for 1 h. Ceria (12% w/w) was incorporated by
incipient wetness impregnation using a Ce(NO3)3·6H2O (Alfa Aesar, Kandel, Germany) 2 M aqueous
solution. After drying at 110 ◦C and calcination at 500 ◦C (1 h), the samples were further impregnated
using a Ni(NO3)2·6H2O (Sigma Aldrich, St. Louis, MO, USA) 2 M aqueous solution. After the second
impregnation, the final powders were dried at 110 ◦C overnight and finally calcined at 500 ◦C (1 h).
The nickel loading was always 6% w/w.

2.2. Catalysts Characterization

The metal contents of fresh and used catalysts were determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES). The measurements were carried out using a Thermo Elemental
plasma atomic emission spectrometer (model Intrepid, Thermo Scientific, Waltham, MA, USA).

The textural properties of catalysts were determined from nitrogen physisorption at −196 ◦C.
The adsorption and desorption isotherms were obtained using a Quantachrome Autosorb IQ3
(Quantachrome Instruments, Boynton Beach, FL, USA). Prior to the physisorption experiments, the
samples were degassed for 2 h at 200 ◦C under vacuum. Surface area was calculated with the BET
method, and the pore volume and diameter were calculated by the BJH method using data from
the desorption-isotherm.

The Ni-metallic surface area and average particle size were determined by hydrogen chemisorption.
The experiments were performed at 35 ◦C in a ASAP 2020 equipment (Micromeritics Instrument Corp.,
Norcross, GA, USA). Prior to each adsorption, samples were reduced in 5% H2/Ar flowing at 750 ◦C for
1 h and evacuated under vacuum at the same temperature. Estimated metal surface area and particle
size values were based on spherical geometry and an H/Ni = 1 adsorption stoichiometry.

The structure of catalysts was determined by X-ray diffraction (XRD) in a diffractometer D8
Advance (Brucker, Billerica, MA, USA) using nickel-filtered CuKα (λ = 0.15418 nm) radiation with a
step size of 0.02◦ and 0.2 s as the counting time. The crystallite diameter for NiO and Ni species in
calcined and reduced samples, respectively, was estimated applying the Scherrer equation (k = 0.9),
using the DIFFRAC.EVA software from Brucker. The reduction treatment consisted of heating in a flow
of 5% H2/Ar from room temperature to 750 ◦C (10 ◦C /min), followed by 1 h of isothermal treatment
at this temperature. The gas was switched to He for 1 h, and then the samples were cooled down to
−80 ◦C in He flow. Finally, they were heated from −80 ◦C up to room temperature under 5% O2/He to
avoid overheating of the reduced catalysts when exposed to air.

The reducibility of the catalysts was studied by H2 temperature programmed reduction (H2-TPR),
using Autochem 2920 II equipment (Micromeritics Instrument Corp., Norcross, GA, USA). Before the
TPR experiments, samples were treated in 5% O2/He for 1 h at 500 ◦C, purged with He at the same
temperature, and cooled down to room temperature. Then, they were heated (10 ◦C/min) from room
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temperature up to 950 ◦C in flowing 5% H2/Ar. Hydrogen consumption throughout the reduction
process was monitored by means of a thermal conductivity detector (TCD).

Temperature programmed desorption of CO2 (CO2-TPD) experiments were carried out to
characterize the surface basic sites. Prior to the analyses, the catalysts were reduced in situ under a
5% H2/Ar flow at 750 ◦C for 1 h, treated with He for an additional hour and cooled down to room
temperature. Afterwards, they were contacted with a flow of pure CO2 for one hour at 100 ◦C and
finally cooled down again and purged with He at room temperature before starting the TPD experiment.
CO2 desorption was followed by monitoring the m/z = 44 signal using a quadrupole mass spectrometer
model GSD301T1 (Pfeiffer Vacuum, Wetzlar, Germany). The calibration of this signal was carried out
using standards of calcium oxalate diluted in alumina.

X-ray photoelectron spectroscopy (XPS) experiments were carried out in a Kratos Axis Ultra
DLD (Kratos Analytical Ltd, Manchester, UK) equipped with a monochromatized Al-Kα X-ray source
(1486.6 eV), operating with an accelerating voltage of 15 kV and 10 mA current. Spectra were acquired
in a constant analyser energy mode, with a pass energy of 20 eV. Powder samples were analysed
without any pre-treatment. Surface charging effects were corrected by adjusting the binding energy of
the C(1s) peak at 248.8 eV. CasaXPS software (version 2.3.19) (Casa Software Ltd, Devon, UK) was
used for the data analysis. Prior to the XPS experiments, the catalysts were reduced using the same
protocol as that used for XRD measurements.

A JEOL-2010F microscope (Jeol Ltd., Tokyo, Japan) with a spatial resolution at Scherzer defocus
conditions of 0.19 nm in TEM and operated at 200 kV was used in high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) mode. The microscope was equipped with an X-ray
energy-dispersive spectrometer (X-EDS) model Xmax SSD (Oxford Instruments, Abingdon, UK), for
composition analysis at the sub-nanometre scale. Samples for EM studies were prepared by depositing
the powders onto holey carbon-coated Cu grids. Additionally, very high spatial resolution X-EDS
maps were acquired using the ChemiSTEM capabilities of an FEI Titan Themis 60–300 microscope (FEI
Company, Hillsboro, OR, USA).

Particle size distributions were obtained from the statistical analysis of at least 250 particles
observed in the HAADF images. The values of mean particle size (d ) and surface area-weighted
mean particle size (dsa) were calculated according to Equations (5) and (6), respectively. For a suitable
consideration of the contribution of the larger particles, Ni dispersion (D%) was not estimated from
the mean particle size, but as the ratio of total surface to bulk Ni atoms. These, in turn, were estimated
by accumulating the surface or bulk Ni atoms corresponding to each of the particles considered in the
analysis (assuming spherical morphology).

d =

∑
ni di∑

ni
(5)

dsa =

∑
nid3

i
∑

nid2
i

(6)

2.3. Catalytic Tests

Catalytic tests were carried out in a laboratory scale system as the one depicted in Figure S1
(Supporting Materials). The experiments were performed in a continuously operated stainless-steel
tubular reactor with a cross-section of 6 mm using downward flow. The catalyst (without diluent)
was loaded on the mid-section of the reactor on a fixed bed with a 5 μm pore mesh. Aqueous-phase
reforming of methanol was carried out at 230 ◦C and 32 bar, using a flow rate of 0.338 mL/min of 5 wt.
% aqueous solution of methanol as a feed (WSHV = 4 h−1). The selected reaction time was 5 h (after
90 min to reach steady state).

The outlet stream from the reactor was cooled down, pressure-controlled by a back-pressure
regulator, and separated (without dilution with inert gas) into the liquid and gas streams.
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The composition of the gas products was analysed in situ by means of a micro gas chromatograph
(GC, Varian CP4900, equipped with MS5 and PPQ columns) (Varian Inc., Palo Alto, CA, USA) and
the liquid products were taken every 30 min and analysed offline by performing HPLC (RID-10A
detector, Aminex HPX-87H column, 300 × 7.8 mm) (Shimadzu Corporation, Kyoto, Japan). Prior to the
catalytic tests, samples were reduced at 750 ◦C for 1 h under pure hydrogen. After catalytic tests, the
used samples were recovered and weighted to evaluate the catalyst loss during reaction. Methanol
conversion, selectivity, and H2 yield were obtained as follows:

% CH3OH conversion =
[CH3OH]In − [CH3OH]Out

[CH3OH]In
× 100 (7)

% Selectivity to X =
[X]Out

[H2]Out + [CO2]Out + [CO]Out + [CH4]Out
× 100 (8)

H2 yield (%) =
mol H2Out

mol CH3OHIn
x

1
3

x 100 (9)

3. Results and Discussion

3.1. Catalysts’ Composition and Textural Characterization

The composition of the catalysts obtained from ICP analysis is shown in Table 1. As it can be seen,
the elemental contents are in good agreement with the nominal values. Similar results were obtained in
the analysis of the catalysts after reaction thus discarding the occurrence of lixiviation under reaction
conditions (Table S1).

Table 1. Composition and textural properties.

Catalysts
Composition from ICP (% w/w) SBET

(m2·g−1)
Pore Volume

(cm3·g−1)
Average Pore
Radius (nm)

Ni Ce Ca Y Zr

NiZr 7.0 - - - 60.0 30 0.178 9.4
NiCeZr 5.9 12.6 - - 48.4 30 0.141 7.7
Ni4CSZ 5.0 - 1.20 - 60.0 48 0.214 5.7

NiCe4CSZ 5.9 13.0 1.80 - 47.6 47 0.123 3.9
Ni8YSZ 5.6 - - 4.30 56.4 53 0.192 5.7

NiCe8YSZ 5.5 12.7 - 3.62 46.1 42 0.123 3.9
Ni14CSZ 6.9 - 4.90 - 53.0 54 0.220 4.8

NiCe14CSZ 5.5 13.5 4.00 - 43.3 67 0.133 2.8

The results obtained from the textural characterization of the catalysts using N2

adsorption–desorption isotherms (Figure S2) are also gathered in Table 1. Samples exhibited
mesoporosity, with surface areas values varying in the range 30–67 m2·g−1. The lower values
(around 30 m2·g−1) were obtained for the catalysts using pure zirconia as support. Those systems
based on structurally stabilised zirconia (CSZ or YSZ) exhibited both higher SBET and pore volume
values. This effect has previously been explained in the literature as being due to the existence of
defects in the material which would impede the enlargement of grain boundaries and, hence, prevent
growth of crystalline aggregates [20].

The incorporation of Ce did not have a clear influence on the surface area of the final catalyst;
however, it provoked a decrease in both pore volumes and average pore sizes which, in principle,
suggests that ceria was mainly blocking the largest pores of the support.

3.2. Structural Analysis by X-Ray Diffraction (XRD)

The XRD patterns of calcined and reduced catalysts are depicted in Figures 1 and 2. As expected,
all the diffractograms were dominated by diffraction peaks characteristic of the corresponding support.
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Thus, the catalyst supported on pure ZrO2 presented peaks associated to the monoclinic structure of
this oxide (PDF No. 37-1484). Doping with Ca2+ or Y3+ led to the appearance of additional peaks,
indicating the partial stabilization of the cubic/tetragonal structure of zirconia (PDF No. 24-1074 and
83-0113, respectively). The degree of stabilization was higher in the case of the sample with 8% of Y3+

with respect to the sample doped with 4% of Ca2+. We must recall that, according to the difference in
oxidation states of Y and Ca, doping in these two samples introduced a similar concentration of oxygen
vacancies in the ZrO2 network. Increasing the doping amount up to 14% of Ca2+ led to an almost
complete structural stabilization of the cubic/tetragonal phase, as deduced from the disappearance
of the diffraction peaks associated to the monoclinic form. No peaks corresponding to segregated
Ca-containing species were observed.

 

(a) (b) 

Figure 1. XRD patterns of the investigated catalysts (without Ce): (a) calcined; (b) reduced.

 

(a) (b) 

Figure 2. XRD patterns of the investigated catalysts (with Ce): (a) calcined; (b) reduced.

After the incorporation of Ce (Figure 2), some additional broad peaks at 2θ values of 28.5◦, 33.1◦,
47.5◦, and 56.3◦ appeared, indicating the presence of small crystals of ceria with its typical fluorite-like
structure (PDF No. 34-0394).

As for the Ni, all the calcined samples showed very small peaks at 37.2◦ and 43.2◦, accounting for
the presence of NiO (PDF No. 47-1049). After reduction at 750 ◦C, these peaks transformed into those
corresponding to metallic Ni (Figures 2 and 3).
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(a) (b) 

Figure 3. H2-TPR profiles: (a) samples without Ce; (b) samples with Ce.

The average crystallite sizes of the NiO and Ni phases were estimated using XRD line-broadening
and the Scherrer equation (Table 2). In particular, the peaks at 43.2◦ and 44.5◦ on the diffractograms
corresponding to the calcined and reduced catalysts were used, respectively. Despite the low intensity
of these peaks, the values obtained point to some influence of the support on the crystallite size of
nickel species. In the case of the NiZr catalyst, values between 22 and 24 nm were obtained for NiO
and Ni crystallites, respectively. The incorporation of either Ce or Ca to the catalysts slightly decreased
the average crystallite size of nickel species, suggesting an improvement of the metal dispersion over
the different Ce- or Ca-modified zirconia supports.

Table 2. Results from H2 chemisorption, XRD line broadening, and H2-TPR experiments.

Catalysts
Metal Surface

1 (m2·g−1)
Ni Particle
Size 1 (nm)

Crystallite Size (nm) 2 H2 Uptake 3

(mmol·g−1)

Reduction
Degree 3 (%)

Ni NiO CeO2

NiZr 1.7 27.0 ± 1.0 24 22 - 1.16 97
NiCeZr 1.7 24.5 ± 2.0 10 17 22 1.53 105
Ni4CSZ 2.2 15.6 ± 0.5 17 15 - 0.94 110

NiCe4CSZ 2.1 19.3 ± 1.2 11 17 13 1.63 110
Ni8YSZ 1.2 32.5 ± 3.3 19 21 - 0.93 97

NiCe8YSZ 1.3 24.0 ± 1.6 16 18 15 1.28 92
Ni14CSZ 1.2 38.0 ± 1.4 21 18 - 1.24 105

NiCe14CSZ 1.4 25.7 ± 1.2 16 15 10 1.69 118
1 From H2 chemisorption; 2 from XRD line broadening. Crystallite sizes for NiO and CeO2 were obtained from
patterns corresponding to calcined catalysts, and, for Ni, they were obtained from patterns corresponding to the
reduced catalysts. 3 From H2-TPR experiments.

For samples containing ceria, the crystallite size for this phase was also estimated. As deduced
from data in Table 2, the incorporation of Ca2+ or Y3+ into the zirconia support allows for the obtention
of smaller (more dispersed) CeO2 crystallites. This effect can be due to the higher surface area of the
doped samples with respect to pure zirconia but also to a better structural coherence between the
fluorite-type structure of ceria and the cubic/tetragonal structure stabilised in doped-zirconia supports.
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3.3. Hydrogen Chemisorption and Temperature Programmed Reduction (TPR) Studies

To gain more insight into the Ni dispersion on the different supports, hydrogen chemisorption
measurements were carried out. The results obtained are summarised in Table 2 in terms of Ni-metallic
surfaces and Ni-particle sizes. As it can be seen, similar values were obtained for Ni-metallic surfaces,
being only slightly higher in the case of the samples containing 4% of Ca. It should be noted that the
values for particle size estimated from H2 chemisorption were higher than those obtained by XRD
(crystallite sizes). These fell around 20 nm, with a larger deviation in the case of the Ni14CSZ (38 nm)
and Ni8YSZ (32 nm) catalysts. Results obtained from XRD line broadening were rather consistent with
those obtained using electron microscopy, indicating that the estimations made from H2 chemisorption
measurements were likely affected by Ni–support interactions.

The TPR experiments were performed in order to obtain information about reducibility and also
about Ni–support interactions in these catalysts. The reduction profiles are shown in Figure 3, and
Table 2 includes the hydrogen consumption and estimated reduction degree values, assuming that,
initially, Ce was completely Ce4+ and Ni as Ni2+. Values close to 100% were obtained indicating that
full reduction of these two species, from Ce4+ to Ce3+ and from Ni2+ to Ni0, respectively, was achieved
at the end of the TPR experiments. Values higher than 100% observed in some cases have also been
reported by other authors for similar compositions, being generally attributed to (i) the existence of a
small amount of Ni3+-forming non-stoichiometric NiO1+x species [21,22] and/or (ii) the reduction of
labile oxygen adsorbed on vacancies in the ZrO2 support generated as a consequence of doping with
Ca2+ or Y3+ [23,24].

Concerning the structure of the TPR profiles, they were constituted by a combination of several
peaks which account for the different reduction steps. For a better interpretation of the reduction
sequence, the TPR profiles were deconvoluted into individual Gaussian functions as shown in Figure 2.
These peaks are grouped into three general categories: low-temperature peaks (LT; 180–250 ◦C),
intermediate-temperature peaks (IT; 300–500 ◦C), and high-temperature peaks (HT; >550 ◦C). The
LT contributions were commonly low-intensity peaks assigned to the reduction of oxygen adsorbed
on support vacancies and/or reduction of non-stoichiometric NiO1+x species well dispersed on the
catalyst surface [21,25]. This LT contribution appeared in the reduction scheme of all our catalysts,
being slightly shifted to lower temperatures for catalysts containing Ce.

The IT part of the TPR profiles generally comprised several peaks which are commonly associated
with the reduction of NiO species with different particle sizes and degrees of interaction with the
support. Thus, it is widely assumed that NiO aggregates with little interaction with the substrate
are reduced at temperatures around 400 ◦C while those with stronger interaction can be reduced
at higher temperatures (approximately 550 ◦C) [26–29]. The reduction of large NiO aggregates in
two consecutive steps (Ni2+→Niδ+→Ni) within this IT range has also been proposed by different
authors [24].

In the case of catalysts without Ce, at least two contributions (centred at approximately 350 ◦C
and 450 ◦C, respectively) are required to obtain a good fit of the curves in this IT range. Considering
that no significant differences in NiO crystallite sizes were observed by XRD, we can assume that the
intensity of the peak at higher temperature is related to the existence of NiO particles having a stronger
interaction with the support [26]. Note that in the case of Ni8YSZ and Ni4CSZ catalysts, the first
contribution was less intense, while the second was slightly shifted at higher temperature, suggesting
the occurrence of a stronger NiO–support interactions in theses samples.

On the contrary, for the Ce-containing samples, a single peak was observed in the IT region of
the TPR profiles, with the only exception being the NiCe14CSZ catalyst, which also showed a sharp
shoulder at 300 ◦C. These simpler profiles indicate that CeO2 improved the reducibility of the NiO
phases in these catalysts. According to quantitative estimations, the amounts of H2 involved in the
IT part of the TPRs were higher than those required for the complete reduction of Ni, indicating
that not only Ni2+ but also Ce4+ species were being reduced simultaneously at these temperatures.
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High-temperatures peaks (>550 ◦C) also appearing in the TPR-profiles of Ce-containing samples would
account for the reduction of bulk Ce species existing in larger (or not in contact with Ni) CeO2 particles.

In summary, the TPR results indicate that NiO species in these catalysts were reduced mainly in a
temperature range between 300 and 500 ◦C. For the catalysts supported on 4CSZ and 8YSZ, a shift to
higher temperatures was observed presumably as a consequence of a stronger NiO-support interaction
occurring in these cases. The incorporation of Ce improves the reducibility of NiO which seems to
occur in a single step and simultaneously with the reduction of most of the CeO2.

3.4. Thermal Programmed Desorption of CO2 Basicity Studies

Thermal programmed desorption of CO2 (CO2-TPD) experiments were carried out to investigate
the number and strength of surface basic sites. Desorption profiles are depicted in Figure 4. They were
deconvoluted into three temperature ranges, as shown in Figure S3. The low temperature range
(90–180 ◦C) contains information about weak basic sites; the intermediate temperature range
(180–400 ◦C) gives information about moderate basic sites, and, finally, the high temperature
range (>400 ◦C) accounts for the stronger basic sites. The amounts of CO2 desorbed in each range as
well as the total amount of CO2 desorbed are gathered in Table 3.

Figure 4. CO2 desorption profiles.

Table 3. Amounts of CO2 desorbed in the CO2-TPD experiments. Values obtained by integration of the
deconvoluted profiles in the low, medium and high temperature ranges.

Samples
Weak (90–180 ◦C)

(μmol·g−1)
Intermediate (180–400

◦C) (μmol·g−1)
Strong (>400 ◦C)

(μmol·g−1)
Total (μmol·g−1)

NiZr 7.4 3.3 2.9 13.7
Ni4CSZ 21.1 1.5 3.1 25.6
Ni8YSZ 18.1 7.9 - 26.0

Ni14CSZ 29.0 7.4 - 36.5
NiCeZr 7.3 3.9 2.6 13.8

NiCe4CSZ 10.1 6.9 4.7 21.8
NiCe8YSZ 12.5 14.6 9.9 37.0

NiCe14CSZ 17.4 15.8 6.9 40.1

As can be seen in Figure 4, the CO2-TPD profile of the NiZr sample showed a strong desorption
peak at approximately 100 ◦C as well as a broad band extending up to 600 ◦C which can be deconvoluted
into different contributions accounting for medium/strong basic sites. Taking this sample as a reference,
we observed, as expected, that the incorporation of Ca results in a general increase in basicity [30],
especially significant in the range of weak basic centres for the Ni4CSZ sample. When Y is used
instead of Ca, the basicity with respect to the NiZr sample also increases, but more homogeneously
for both weak- and intermediate-type centres. Thus, although the total amount of basic centres is
almost the same for the Ni4CSZ and Ni8YSZ samples (25.6 and 26.0 μmol CO2·g−1, respectively), the
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latter exhibits fewer weak basic sites but more medium/strong basic centres. Increasing the calcium
content by up to 14% results in an increase in the amounts of CO2 desorbed over the whole temperature
range. The incorporation of Ce has a minimal effect on the surface basicity of the NiZr sample, but, on
the contrary, it greatly influences not only the quantity but mainly the nature of the basic centres of
Ca(Y)-doped supports. In general, after the incorporation of Ce, the intensity of the low temperature
peak (weak basicity) decreases, probably due to the partial covering of the support surface by CeO2,
while new contributions appeared in the intermediate/high temperature range, likely associated to the
Ce-O sites [31].

3.5. Analysis of the Surface by XPS

X-Ray photoelectron spectroscopy was used to obtain information about the chemical state of
elements on the surface of Ni catalysts after reduction treatment. Binding-energy values for Ni 2p,
Ce 3d, and O 1s core levels are included in Table 4. Figure 5 gathers the core level Ni 2p XPS spectra
corresponding to Ce-free and Ce-containing catalysts. The presence of Ni0 was confirmed in all cases
by the peak centred at approximately 852 eV. Moreover, two peaks at 855 eV and 860 eV were also
observed in all the spectra. According to the literature, they can be assigned to Ni2+ (as Ni(OH)2)
and its satellite, respectively [32–34]. They have been labelled as Ni2+ (ii) in the spectra of Figure 5.
The appearance of these peaks reveals a partial re-oxidation of the catalysts due to the exposure to
atmospheric conditions during transfer from the preparation reactor to the XPS analysis chamber.
It should be noted that, in the case of catalysts containing Ce, an additional component at around
853.5 eV, just in the middle of the positions corresponding to Ni0 (852.6 eV) and Ni2+ (NiO, 854.6 eV),
was observed. This peak, identified as Ni2+(i) in the spectra, has been ascribed by some authors
also to NiO [35]. However, its appearance exclusively in the case of Ce-containing samples suggests
that it may be due to the cationic Niδ+ species resulting of a Ni–Ce interaction [36] or simply Ni2+

incorporated into the CeO2 lattice at the surface level [37,38].

Table 4. Binding-energy values of main peaks and the Ce3+ percentage from XPS.

Samples Ni 2p Ce 3d O 1s Ce3+ (%)

NiZr 852.7, -, 855.4 - 529.5, 531.2 -
Ni4CSZ 852.9, -, 855.3 - 529.7, 531.7 -
Ni8YSZ 852.8, -, 855.6 - 529.7, 531.7 -

Ni14CSZ 852.7, -, 855.3 - 529.8, 531.4 -
NiCeZr 852.2, 853.5, 855.4 885.0, 898.3 529.6, 531.3 9

NiCe4CSZ 851.9, 853.2, 855.2 884.7, 898.2 529.4, 531.0 19
NiCe8YSZ 851.9, 853.2, 855.1 885.2, 898.2 529.7, 531.7 34

NiCe14CSZ 852.1, 853.4, 855.5 884.7, 898.3 529.4, 531.1 18

The cerium-reduction degree was calculated fitting the experimental Ce 3d profiles (Figure S4)
with two reference spectra corresponding to samples with either 100% Ce3+ or 100% Ce4+ according
to the procedure described in Reference [39]. As observed in Table 4, the addition of Ca significantly
increased the Ce3+ percentage with respect to the CeZr substrate, but a maximum of 18%–19% was
obtained independently of the Ca loading (4% or 14%). The highest amount of reduced Ce (34%) was
obtained for the NiCe8YSZ catalyst, suggesting that the surface concentration of oxygen vacancies over
ceria particles was also higher in this catalyst compared to those using Ca-stabilized ZrO2 supports.

From O 1s spectra (Figure S5), two types of oxygen species were found, with peaks at around 529
and 531 eV for all the catalysts. They can be ascribed to lattice oxygen and adsorbed OH– groups as
suggested in the literature [40–42].
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(a) (b) 

Figure 5. Nickel 2p XPS spectra: (a) samples without Ce; (b) samples with Ce.

3.6. Electron Microscopy Study of Ni Catalysts Using HAADF-STEM and EDS-STEM

Representative HAADF images recorded in STEM mode are shown in Figure 6. Moreover, and
with the aim of exploring the spatial distribution of elements in the Ni catalysts, EDS analyses, also
in STEM mode, were performed (for simplicity, only the images corresponding to NiZr, Ni4CSZ,
Ni8YSZ, Ni14CSZ, and NiCe4CSZ are shown). As can be seen, the images and chemical maps indicate
a rather homogeneous distribution of the different elements in all the investigated catalysts (maps for
individual components are shown in Figure S6).

Particle size distributions obtained from the statistical analysis of the particles observed in the
HAADF images are also included in Figure 6. Data corresponding to mean particle size (d ), surface
area-weighted mean particle size (dsa), and Ni dispersion (D%) are gathered in Table 5. In the case of
NiZr catalyst (Figure 6a), the EDS-STEM maps show that Ni particles were homogeneously distributed
with a mean particle size of approximately 14 nm. A few particles with sizes in the range 40–84
nm were also observed. When the particle size distribution contains both very small and very large
particles, the value of the surface area-weighted mean diameter is more representative in terms of
metallic dispersion than that estimated from the mean particle size. As can be observed, the value of
dsa (27 nm) was similar to the averaged particle size estimated from H2 chemisorption (27 nm) or XRD
(24 nm).

Values between 20 and 23 nm were obtained for the Ni4CSZ, Ni8YSZ, and Ni14CSZ catalysts,
which were also close to the crystallite sizes obtained by XRD. According to the values obtained by
HAADF, the incorporation of Ca and Ce did not seem to have a significant influence on Ni particle size
as suggested by the XRD results.

The accumulated dispersion values resulting from the particle size distribution curves were also
very similar (5%–6%), being only slightly higher in the case of samples containing Ca.
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Figure 6. HAADF images, EDS mappings, and particle size distributions of: (a) NiZr; (b) Ni4CSZ; (c)
Ni8YSZ; (d) Ni14CSZ; and (e) NiCe4CSZ.

It must be pointed out that, due to the atomic number of Ni, very small nickel nanoparticles cannot
be easily identified in HAADF-STEM images. In order to evaluate this issue, EDS-STEM analyses
were carried out at high magnifications, selecting areas of the material in which apparently no metallic
particles but only a background signal was observed. Figure 7 illustrates this type of analysis. As can be
seen in the EDS spectrum of the selected area, the presence of Ni was clearly detected which confirms
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the existence of highly dispersed forms of Ni, whose contribution in the particle size distribution
analysis is not considered.

Table 5. Particle size results from electron microscopy analysis. For a better comparison, results from
H2 chemisorption and XRD line broadening are also included.

Sample
Particle Size from H2

Chemisorption (nm)
Crystallite Size
from XRD (nm)

d(nm) dsa(nm) D (%) 1

NiZr 27 24 14 27 5.2
Ni4CSZ 16 17 14 20 6.4
Ni8YSZ 32 19 9 23 5.4

Ni14CSZ 38 21 13 20 6.4
NiCe4CSZ 26 16 14 21 5.9

1 From HAADF-STEM analysis.

  

(a) (b) 

Figure 7. EDS analysis corresponding to Ni4CSZ: (a) Ni mapping; (b) spectrum from the area indicated
in the image.

This technique also allowed us to obtain information about the relative spatial distribution of the
different components of the catalyst at the nanoscopic level which is an important issue to understand
the interactions among them, mainly in the case of the CeO2-containing catalysts. As illustration,
Figure 8 shows a detailed, high-magnification image of the NiCe4CSZ catalyst. As it can be clearly
seen, CeO2 is in direct contact with Ni, forming a layer at the interface between the metallic particle and
the support. The interaction resulting from this direct contact may be responsible for the improvement
in the reducibility of Ni particles observed in the TPR profiles corresponding to the catalysts containing
CeO2.

(a) (b) (c) 

Figure 8. (a) HAADF image and (b,c) EDS mappings corresponding to the NiCe4CSZ catalyst.
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3.7. Catalytic Activity Tests

Table 6 summarizes the performance of Ni catalysts in the APR of methanol at 230 ◦C and 32 bar
after 5 h on stream. A blank experiment was carried out with the 4CSZ support, showing no activity
under the same experimental conditions. Unconverted methanol in the liquid phase and CO2, CO, H2,
and CH4 in the gas phase were the only products found at the reactor outlet.

Table 6. Results from catalytic experiments.

Sample
Conversion

(%)

Selectivity (%) Products Ratio H2 Yield
(%)

H2 CO2 CO CH4 H2/CO2 CO2/CO

NiZr 48 72.9 20.2 4.6 2.2 3.6 4.4 40
Ni4CSZ 75 73.9 23.9 0.2 2.1 3.1 119.5 64
Ni8YSZ 46 75.5 21.5 1.5 1.5 3.5 14.3 36

Ni14CSZ 63 73.8 23.7 0.5 2.1 3.1 47.4 46
NiCeZr 40 76.8 20.5 1.8 0.9 3.7 11.4 34

NiCe4CSZ 68 73.8 23.4 0.6 2.2 3.2 39.0 57
NiCe8YSZ 54 74.1 21.3 2.2 2.5 3.5 9.7 40
NiCe14CSZ 44 75.7 21.6 1.9 0.9 3.5 11.4 33

Conversions higher than 40% were found with all the investigated Ni catalysts. Taking the NiZr
sample as a reference, we observed that the incorporation of Ca had a positive effect on methanol
conversion, which reached the highest value (75%) for the Ni4CSZ catalyst. In contrast, doping of
ZrO2 with Y had no significant impact on activity. As already mentioned, the doping of the zirconium
oxide support with 4% Ca or 8% Y induced a stabilization of the tetragonal structure, generating in
both cases a similar amount of oxygen vacancies. The different responses obtained with the Ni4CSZ
and Ni8YSZ catalysts with respect to the NiZr sample suggests that there is not a straightforward
relationship among these two parameters (oxygen vacancies concentration and APR activity). On the
other hand, the conversion value obtained for the Ni14CSZ catalyst (63%) indicates that increasing the
Ca content above 4% may have a negative effect on activity.

To explain the excellent behaviour exhibited by the Ni4CSZ sample, we should first consider its
higher metallic surface area. For this purpose, we decided to compare the conversion and surface
area of the different Ni catalysts. To facilitate the reading of the figure, we rationalized all the values
with respect to the Ni4CSZ catalyst. As shown in Figure 9a, the higher conversions were obtained
for Ni4CSZ and NiCe4CSZ which were also the catalysts with the larger Ni-surface areas. The metal
surface is therefore a key factor determining the catalytic behaviour of these catalysts. However, the
analysis of the whole set of values suggests that, in addition to the amount of Ni atoms exposed on the
surface, some additional factor must be influencing the catalytic performance in this reaction.

Figure 9. (a) Ni-surface area and methanol conversion (normalized values); (b): CO2/CO ratio and
amount of weak basic sites (normalized values).
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One of the most significant differences resulting from the characterization of the catalysts was
related to the surface basicity measured in the CO2-TPD experiments. The influence of the basicity of
the support on the APR reaction has been investigated in the literature and it has been proposed that
basic sites promote a water–gas shift and further enhance the APR process [17]. As commented in a
previous section, the incorporation of Ca or Y into the ZrO2 lattice increased the total basicity of the
samples (0.57 μmol CO2·g−1 for NiZr versus 1.07, 1.08, and 1.52 μmolCO2·g−1 for Ni4CSZ, Ni8YSZ,
and Ni14CSZ, respectively). However, this increase in basicity did not have an identical incidence in
all types of centres. Thus, in the case of the Ni4CSZ sample, the additional basicity was associated to
the development of new weak basic sites, whereas, for Ni8YSZ, it resulted in an increase in the number
of medium/strong centres. On the other hand, the situation for the Ni14CSZ sample can be described
in terms of a simultaneous increase in both types of sites. The order of activity found for these samples
suggests that weak centres have a positive influence on activity, while the influence of medium/strong
sites seems to be negative for the APR reaction. The low metallic surface area of the Ni14CSZ may also
be influencing its lower activity in comparison with Ni4CSZ.

Despite the differences found in methanol conversion, all catalysts showed very similar values
of H2 selectivity, ranging from 73% to 76%. The H2/CO2 ratio was close to the stoichiometric value
(H2/CO2 = 3) in the case of Ca-containing catalysts and slightly higher in the case of NiZr (3.6) and
Ni8YSZ (3.5), confirming that the WGS reaction was less favoured in the latter catalysts. Similar
conclusions can be derived from data corresponding to CO selectivity (0.2 and 0.5 for Ni4CSZ and
Ni14CSZ, respectively) or the CO2/CO ratio.

To explain the influence of Ca in selectivity, we must recall that basic sites act promoting the
transformation of CO to CO2 in the WGS reaction [17]. However, sites with a high basic strength
may have a negative influence avoiding the desorption of CO2. The higher WGS activity showed
by the Ni4CSZ catalyst could be related with the nature of the basicity exhibited by this sample,
characterised by a high concentration of weak basic sites and a low concentration of medium/strong
centres. The correlation between weak the basic sites and CO2/CO ratio is illustrated in Figure 9b.

As for the effect of Ce on the APR performance of Ni, a decrease in conversion was generally
observed in the catalysts containing Ce with respect to the homologous series without Ce, with the
unique exception of Ni8YSZ, for which methanol conversion increased from 46% to 54% after the
incorporation of Ce. Moreover, the activity order observed for this series was as follows: NiCe4CSZ
(68) > NiCe8YSZ (54) > NiCe14CSZ (44) > NiCeZr (40). These results reveal that the improvement in
reducibility derived from the incorporation of Ce (and evidenced in the TPR experiments) did not have
a direct impact on catalytic behaviour thus contrasting with the results reported in the literature for
other Ce-based catalytic compositions. For example, it has been reported that cerium oxide promotes
catalyst activity in WGS reaction due to the fact of its well-known oxygen storage capacity and oxygen
mobility throughout the lattice [11,12]. In order to explain this apparent disagreement, we must
recall that Ce is not only changing the redox properties of the catalysts but also their surface basicity.
According to CO2 desorption measurements, new basic sites with intermediate strength appeared on
catalyst surfaces after the addition of Ce. Simultaneously, the number of weaker basic sites decreased
significantly, probably because these sites, initially located on the surface of the Ca(Y)–ZrO2 supports,
resulted in being partially covered by the CeO2 layer. Changes in basic strength may be responsible
for the decrease in methanol conversion after incorporation of Ce. These results also imply that the
negative effects on APR of methanol resulting from changes in basicity prevail over the positive effects
derived from changes in redox properties, both effects caused by the incorporation of Ce.

Another factor to be considered is the formation of cationic Ni species, presumably derived from
the observed Ni–Ce interaction. These species, evidenced by XPS (peaks at around 853 eV) only in
Ce-containing catalysts, would be inactive for the reaction. However, we must also bear in mind
that reduction treatments prior to XPS measurements were not performed in situ and, therefore, this
cationic species may result from air exposure of the pre-reduced catalysts.

93



Nanomaterials 2019, 9, 1582

As for selectivity, the most remarkable finding related with CeO2 is a decrease in CO production
for the NiCeZr sample compared to that of NiZr which can be explained considering that both catalysts
showed a very similar basicity and, therefore, both conversion and selectivity values would depend
mainly on other factors affected by Ce (e.g., reducibility).

4. Conclusions

In this work, a series of Ni/ZrO2 catalysts were prepared, characterized, and tested in the
aqueous-phase reforming of methanol reaction. The effects of doping zirconia with calcium or yttrium
and the promotion with CeO2 were investigated. The best catalytic performance in terms of activity
and selectivity was found for the catalyst doped with 4% molar of Ca. This catalyst showed a higher
metallic area and developed surface basicity characterized by the presence of a high concentration of
weak basic centres and a low concentration of medium/strong basic sites. These two factors seem to
be responsible for its excellent catalytic performance. The incorporation of ceria has two significant
effects on the properties of Ni catalysts: (i) improves reducibility and (ii) increases the strength of
the basic sites. The lower activity of catalysts promoted with CeO2 suggests that the improvement
in redox properties does not compensate for the negative effects on APR resulting from changes in
surface basicity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/11/1582/s1,
Figure S1: Experimental setup for APR of methanol, Figure S2: N2 adsorption-desorption isotherms, Figure S3:
CO2-TPD profiles showing deconvoluted peaks, Figure S4: Ce 3d XPS spectra, Figure S5: O 1s XPS spectra, Figure
S6: HAADF-STEM images and EDS-STEM maps for individual components.
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Abstract: The use of the surface plasmon resonance (SPR) effect of plasmonic metal nanocomposites to
promote photocarrier generation is a strongly emerging field for improving the catalytic performance
under visible-light irradiation. In this study, a novel plasmonic photocatalyst, AuPt/N–TiO2,
was prepared via a photo-deposition–calcination technique. The Au nanoparticles (NPs) were
used herein to harvest visible-light energy via the SPR effect, and Pt NPs were employed as a
cocatalyst for trapping the energetic electrons from the semiconductor, leading to a high solar-energy
conversion efficiency. The Au2Pt2/N–TiO2 catalyst, herein with the irradiation wavelength in the
range 460–800 nm, exhibited a reaction rate ~24 times greater than that of TiO2, and the apparent
quantum yield at 500 nm reached 5.86%, indicative of the successful functionalization of N–TiO2 by
the integration of Au plasmonic NPs and the Pt cocatalyst. Also, we investigated the effects of two
parameters, light source intensity and wavelength, in photocatalytic reactions. It is indicated that
the as-prepared AuPt/N–TiO2 photocatalyst can cause selective oxidation of benzyl alcohol under
visible-light irradiation with a markedly enhanced selectivity and yield.

Keywords: plasmonic photocatalyst; metal nanoparticle; N–TiO2; nanocomposites; photocatalytic
selective oxidation

1. Introduction

Titanium dioxide (TiO2) was extensively studied in the past two decades as a photocatalyst
because it can eliminate environmental pollutants, purify air, and produce clean hydrogen energy
through the efficient utilization of solar energy [1]. Nevertheless, owing to the rapid recombination rate
of the photogenerated electron–hole pairs and limited visible-light response, the application of pure
TiO2 is restricted. Appropriate modification, such as doping non-metals, is essential for TiO2 to allow
the further utilization of solar energy [2]. Nonetheless, the reported reactivity and quantum efficiency
of TiO2 derivative materials remains extremely low to meet the requirements of practical applications.

In order to sufficiently improve photocatalytic efficiency, both the visible-light absorption region
and electron–hole separation of the photocatalyst should be optimized. Recently, semiconductor
nanomaterials decorated with noble-metal nanoparticles (NPs) were recognized as a promising
method for boosting the performance of photocatalysts [3–8]. Coupling semiconductors with noble
metals (such as platinum and palladium) as the cocatalyst can form a Schottky barrier, serving as the
“electron trapper” to improve charge migration and separation [9,10]. Plasmonic metals (gold and
silver) nanoparticles with attractive SPR properties under visible-light excitation can be used as
antennas for converting light energy into a local electric field [7,11,12], and improve the photocarrier
generation/separation via plasmon-induced resonance energy transfer (PIRET) and the hot-electron
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injection mechanism [13,14]. Consequently, the combination of multi-functional metal NPs in a noble
metal/semiconductor nanostructure might effectively enhance the generation of photo-carriers and
strengthen charge migration and separation.

For the hot-electron injection effect, the so-called SPR-sensitization effect, the plasmonic metal
nanoparticles act as a dye molecule in dye-sensitized solar cells; as excited by the incident high-energy
photon, the SPR effect of the plasmonic metal causes confined free electrons oscillating with incident
light to generate excitation of hot electrons via non-radiative decay, so-called “plasmonic hot-electron
generation”. Furthermore, these hot electrons with energy high enough to overcome the Schottky
barrier can inject into the adjacent semiconductor’s conduction band [15–17]. To facilitate the PIRET
process, the existence of intra-bandgap level-related defects can play a crucial role in the promotion of
PIRET [18,19]. For instance, a TiO2 photoanode based on N-doped exhibits enhanced photocurrent
behavior induced by a PIRET water-splitting reaction [20]. N-doped TiO2 introduces a new
intra-bandgap level, which causes the absorption range of the semiconductor photocatalyst to overlap
with the extinction wavelength of the plasmonic material, thereby obtaining a sufficient resonance
interaction. In this case, the energy of the plasmonic oscillation is transferred from the plasmonic
material to the semiconductor photocatalyst by an electromagnetic field or a dipole–dipole interaction.

In order to fully understand the excellent photocatalytic activity of the bifunctional
noble-metal-modified N-doped TiO2 under visible-light excitation, a detailed comparative study
of light intensity and light wavelength is required. Herein, we integrated the plasmonic effect and a
Schottky junction into one nanostructure by forming bifunctional plasmonic photocatalyst co-decorated
with Au and Pt NPs and N–TiO2. The activities of the AuPt/N–TiO2 samples were evaluated by
photocatalytic oxidation of benzyl alcohol. By strictly limiting the effects of other factors, we observed
a direct correlation between photocatalytic activity and the irradiation parameter, which is essential
for the design to improve the efficiency of the photocatalytic reaction. The results obtained in this
paper are expected to contribute to the rational design and development of multifunctional metal
nanoparticles for applications targeting solar energy conversion.

2. Materials and Methods

2.1. Synthesis

In a typical procedure, TiO2-supported nanocrystals were prepared according to our previous
paper [21]. The prepared TiO2 product was mixed and ground with urea (1:4), and then the mixture
was heated in air at 400 ◦C for two hours to obtain N–TiO2 [22]. Finally, the noble metals were
deposited on the N–TiO2 via a typical photo-deposition calcination method, and the as-prepared
catalysts were annealed in air for further use. All experimental methods are fully reported in the
Supplementary Materials.

2.2. Sample Characterization

X-ray diffraction (XRD) patterns of the samples were recorded using a PANalytical X’pert MRD
system (Almelo, Netherlands). Diffuse-reflectance ultraviolet–visible light (UV–Vis) spectra (DRS)
of the samples were recorded on a Shimadzu 3600 UV–Vis spectrophotometer (Kyoto, Japan) in
the air against BaSO4. Transmission electron microscopy (TEM) images and scanning electron
microscopy (SEM) images were taken by a FEI Tecnai F20 microscope (Hillsboro, OR, USA) and
Hitachi S4800 microscope (Tokyo, Japan). X-ray photoelectron spectra (XPS) of the samples were
recorded on a Thermo-Fisher Scientific ESCALAB 250XI system (Waltham, OR, USA). The steady-state
photoluminescence (PL) spectrum was recorded by a Hitachi F-7000 fluorescence spectrophotometer
(Tokyo, Japan). Photocurrent and electrochemical impedance spectroscopy measurements of the
photocatalyst were performed on a CHI 760D workstation (Shanghai, China). All electrochemical
measurements were made at room temperature.
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3. Results and Discussion

SEM and TEM images (Figure 1 and Figure S1) were recorded to observe the morphology of
as-prepared Au2Pt2/N–TiO2. As shown in the TEM images, gold nanoparticles with an average size
of ~25 nm can be observed instead of the presence of bimetallic Au–Pt alloy. It is suggested that
the size of the metal nanoparticles is critical for modifying the chemical composition of the resulting
nanomaterials, and the bimetallic alloy usually can be observed in the case of small gold (~7 nm) and
platinum (~2 nm) nanoparticles [23]. Here, in this case, the gold nanoparticle size was larger than 20 nm,
the formation of the bimetallic alloy NPs was not thermodynamically favored, and the segregation of
gold and platinum nanoparticles was maintained. On the other hand, the platinum metal NPs was
observed with a mean size of 2 nm (Figure 1h), which was uniformly decorated on the N–TiO2 support.
Furthermore, interplanar distances of 0.235 and 0.225 nm for gold and platinum NPs were observed in
the high-resolution TEM images (Figure 1f,g), which were indexed to the lattice spacings of Au(111)
and Pt(111) planes of face-centered cubic (fcc) structures, respectively [24]. Another type of lattice
fringe (~0.352 nm) can be indexed to the (101) plane of anatase TiO2. The results obtained from the
energy-dispersive X-ray (EDX) spectrum showed that the noble metal’s composition in Au2Pt2/N–TiO2

(list in Table S1, Supplementary Materials) was consistent with the nominal load. Furthermore,
the Brunauer–Emmett–Teller (BET) characterization results (Figure S2, Supplementary Materials)
indicated that all catalysts exhibited similar surface areas, while pore volume and pore size decreased
after the loading of noble-metal nanoparticles.

Figure 1. SEM image of Au2Pt2/N–TiO2 (a,b) and TEM and high-resolution TEM (HRTEM)
images of N–TiO2 (c,d) and Au2Pt2/N–TiO2 (e–g). Nanoparticle size distributions of Au and Pt
in Au2Pt2/N–TiO2 (h). Scale bar (e,f): 2 nm.

In the XRD characterization, all catalysts exhibited diffraction peaks dominated by TiO2 (Figure 2a).
Concerning the Au NPs, some additional weak peaks observed at 38◦ corresponded to Au; however,
diffraction peaks for Pt were not found in the XRD patterns, possibly related to the line broadening
caused by the quantum-size effects of small-sized Pt NPs [25]. Figure 2b shows the UV–Vis absorption
spectra (DRS) of the as-prepared catalyst. The absorption band of the N–TiO2 sample in the visible
region of 400–500 nm corresponds to the presence of nitrogen. This effect is related to nitrogen doping,
which possibly leads to the formation of hybridized states at the top of the valence band of the
nitrogen 2p states and oxygen 2p states or an N-induced intermediate gap level [26]. XPS profiles
were recorded to investigate the localization of nitrogen. N was mainly located at the interstitial
atom on the Ti–O–N bonds (Figure S3, Supplementary Materials). By introducing impurity levels
into the TiO2 lattice, more overlapping portions of the absorption spectrum can be obtained between
the TiO2 and Au nanoparticles. In this way, the near-field electromagnetic resonance of the SPR

99



Nanomaterials 2019, 9, 391

effect can collect enough energy to stimulate the generation of electron–hole pairs through the PIRET
process. Compared to N–TiO2, Au2Pt2/N–TiO2 exhibited a stronger absorption feature around
550 nm in Figure 2b, corresponding to the SPR peak of Au NPs [27]. As reported previously [6,28–31],
plasmonic nanoparticles (gold, silver) loaded on a semiconductor, with a broad absorption cross-section,
are capable of absorbing visible light and generating hot electrons through intraband transitions.
These high-energy hot electrons then overcome the Schottky barrier and inject into the conduction
band of the semiconductor. In this way, the SPR effect of the metal nanoparticles leads the photon
energy transfer to the adjacent semiconductor or molecular complex, which in turn drives the
chemical reaction.

Also, the photoluminescence emission (PL) of the samples was recorded to understand the
behavior of the electrons and holes generated by light in catalysts. Here, the steady-state fluorescence
emission spectrum (Figure 2c) showed a substantial attenuation of the PL signal owing to the deposition
of noble metal (Pt), indicating that Pt NPs effectively form the Schottky barrier at the metal/N–TiO2

heterojunction. This Schottky barrier, in turn, reduces electron–hole (e−–h+) pair recombination
and increases the number of photoreactive photo-carriers available for photoreaction [32]. To further
determine the role of the noble-metal nanoparticles in illumination, the photoelectrochemical properties
of catalyst were characterized (Figure 2d), and it is demonstrated that the photocurrent intensity of
Au2Pt2/N–TiO2 is considerably higher than that of N–TiO2. Such an apparent transient photocurrent
enhancement is primarily associated with the available gold NPs, which absorb visible light and
promote photocarrier generation through the SPR effect. Subsequently, we used the electrochemical
impedance spectra (EIS) experiments to investigate the generation of the electron. The results of
charge transport characteristics (Figure 2d inset) revealed that the radius of Au2Pt2/N–TiO2 in
the middle-frequency region is smaller than the radius of N–TiO2, which demonstrates that the
photoinduced electron–hole separation efficiency is higher, and the interface charge can be transferred
to the electron donor more quickly.

Figure 2. X-ray diffraction (XRD) patterns (a), ultraviolet–visible light (UV–Vis) diffuse reflectance
spectra (DRS) (b), and photoluminescence spectra (c) of prepared photocatalysts. Photocurrent transient
response (d) and electrochemical impedance spectroscopy (EIS) Nyquist plots (inset) of the sample
electrodes of TiO2, N–TiO2, Au2Pt2/TiO2, Au2Pt2/N–TiO2 under visible-light irradiation.
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For investigating the photocatalytic performance, we used the selective oxidation of benzyl
alcohol as a probe reaction to study the photocatalytic activity of Au2Pt2/N–TiO2 catalyst for
visible-light-driven organic catalytic synthesis [33–35]. Figure 3a summarizes the reaction parameters
such as conversion, yield, and selectivity data. After 2.5 h, benzaldehyde formed over bare TiO2

(yield: 3.37%) under visible-light irradiation. Considering that bare TiO2 does not absorb visible light,
this visible-light catalytic reactivity can be ascribed to the ligand-to-metal charge transfer resulting
from the surface complex formed by the adsorption of benzyl alcohol on the surface of TiO2 [36–38].
Moreover, N–TiO2 does not significantly increase the activity, and the selectivity in TiO2 and N–TiO2

cases was low (~70%). Hence, the loading of metal NPs can significantly improve reaction efficiency
compared with TiO2. Among all samples, the Au2Pt2/N–TiO2 composite presented the highest
photocatalytic performance, and its yield was 24 times that of TiO2. On the contrary, the yield
of the Au2Pt2/TiO2 photocatalyst was only 70% of the Au2Pt2/N–TiO2, which suggests that the
overlapped intrinsic absorption of N–TiO2 with plasmonic material may boost the PIRET process.
Moreover, the yields over Au2/N–TiO2 and Pt2/N–TiO2 increased by 5.5 and 19 times, respectively,
indicating that the Schottky barrier formed between Pt nanoparticles and TiO2 is crucial for the
improvement in the catalyst efficiency. It is interesting to note that, after the loading of noble-metal
NPs, the selectivity increased from 73.8% to greater than 95%, which means that, when noble-metal
nanoparticles are used as photocatalysts for selective oxidation of benzyl alcohol, the photolysis of the
reaction is negligible.

To better understand the factors affecting the performance of Au2Pt2/N–TiO2 photocatalyst,
we tuned and investigated the light-source wavelength and intensity in the photocatalytic reaction.
The most significant enhancement in the yield of the reaction was observed by irradiation of 460–560 nm
over Au2Pt2/N–TiO2 photocatalyst (Figure 3b), accounting for 81.26% of the strengthening of the
total light irradiation. Also, we used a multiple-wavelength laser light source to confirm the effect
of illumination wavelength (Figure 3d and Figure S4, Supplementary Materials). Au2Pt2/N–TiO2

exhibited an exceptionally high apparent quantum yield at two wavelengths (500 nm and 532 nm),
with 5.86% at 500 nm and 4.57% at 532 nm. Moreover, it is believed that there are two possible
mechanisms that may affect the performance of the photocatalytic activity, namely hot-electron
injection and PIRET. Upon irradiation of visible light, following light absorption and SPR excitation in
these nanostructures, electromagnetic decay takes place on a femtosecond timescale non-radiatively
by transferring the energy to hot electrons; then, these “hot enough” electrons with high energy would
inject into the N–TiO2 conduction band. In this manner, the apparent quantum yield will fit well
with the pattern of the plasmonic metal absorption spectrum, which is consistent with an observation
reported in previous literature [39]. On the other hand, in this case, nitrogen doping introduces a new
intra-bandgap level above the TiO2 valence band, which can resonate with the electromagnetic field
generated by the gold SPR effect, and the electromagnetic field is then able to improve the generation
of photocarriers from intra-bandgap levels to the TiO2 conduction band through the PIRET process.
As a result, it will further increase the photocatalytic efficiency. Therefore, a high apparent quantum
yield (AQY) was observed in the band that was contributed by the hot-electron injection mechanism
caused by plasmonic absorption and the PIRET mechanism. Subsequently, further analysis (Figure 3c)
showed that the correlation between the dependence of light enhancement on optical irradiance of
all photocatalysts indicates that photoexcitation intensity is a crucial factor for the photo-enhancing
activity, which is consistent with previously published literature [40,41]. The above analysis suggested
that the enhanced activity on the Au2Pt2/N–TiO2 catalyst is dominated by the specific illumination
wavelength and irradiation intensity. Through the analysis of PL and photoelectrochemical tests,
we believe the following two factors can describe this: (1) through the loading with Au NPs (plasmonic
nanoparticles), on the one hand, plasmonic photocatalysts can utilize a specific wavelength of photons
(especially in the visible-light range) to extract hot electrons from the plasmonic metals and more
efficiently generate electron–hole pairs. On the other hand, due to the strong near-field electromagnetic
resonance caused by the surface plasmons, the rate of generation of photocarriers in TiO2 is enhanced
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by the PIRET between the electromagnetic field and the resonance electronic energy levels of TiO2;
(2) the integration of a cocatalyst such as Pt NPs can result in the formation of a Schottky barrier that
acts as an “electron trapper” for improving photoinduced charge transport and separation.

Figure 3. (a) Conversion, yield, and selectivity for the photo-oxidation of benzyl alcohol to
benzaldehyde over prepared photocatalysts. (b) The dependence of yield and irradiation wavelength
over photocatalysts for the selective oxidation of benzyl alcohol. (c) The rate of photocatalytic
reaction over TiO2, N–TiO2, Au2Pt2/TiO2, and Au2Pt2/N–TiO2 as a function of irradiance intensity.
(d) Diffuse-reflectance UV–Vis spectra of Au2Pt2/N–TiO2 photocatalyst and the quantum yield for the
formation of benzaldehyde under a multiple-wavelength laser light source. The apparent quantum
yield was calculated using the equation ΦAQY = (Yvis − Ydark)/N × 100%, where Yvis and Ydark are
the yields of photocatalytic reaction under irradiation or dark conditions, and N is the number of
incident photons in the reaction vessel.

The reaction mechanism involved in the photocatalytic oxidation of benzyl alcohol on
Au2Pt2/N–TiO2 was inspected by a control experiment using different radical scavengers and by
electron spin resonance (ESR) spectroscopy measurement using spin trapping and labeling [42].
As shown in Figure 4a, there was no significant change in the reaction process for the hydroxyl (·OH)
radicals scavenged by TBA. However, when ammonium oxalate, silver nitrate, and benzoquinone
were separately added to capture photogenerated holes, electrons, and superoxide (·O2−) radicals,
the yield of the reaction was significantly reduced. This observation indicated that, in addition
to the hydroxyl (·OH) radicals, radicals such as photogenerated holes, electrons, and superoxide
radicals are involved in the process of visible-light photooxidation of benzyl alcohol. Furthermore,
ESR measurement using spin trapping and labeling (Figure 4b) indicated that oxygen can be used to
capture photogenerated electrons, providing superoxide ·O2−) radicals, which played a vital role in the
photocatalytic process. It is a known fact that the ·OH radical is a highly reactive intermediate which
can oxidize substrate molecules indiscriminately without selectivity [43]; however, superoxide (·O2−)
radicals are well-known oxidants for selective oxidation reactions [44,45]. Thus, the specific oxidation
behavior of the superoxide species in the system and the absence of hydroxyl (·OH) radicals can
advantageously favor the selective oxidation of benzyl alcohol and can be a significant cause of high
reaction selectivity.
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The possible reaction mechanism is illustrated in Figure 4c. Under specific wavelength and
intensive visible-light irradiation, the incident photons excite the SPR of the gold nanoparticles.
The electrons collectively oscillating by localized surface plasmons decay non-radiatively through
intraband or interband excitations on Au NPs, generating hot electrons with high enough energy,
then finally transfer into the N–TiO2 conduction band. Meanwhile, in this case, N-doping introduces a
new intra-bandgap level above the TiO2 valence band, which can resonate with the electromagnetic
field generated by the gold SPR effect, and the electromagnetic field is then able to improve the
generation of photocarriers from intra-bandgap levels to the TiO2 conduction band through the PIRET
process. After the contact of Pt and N–TiO2, a Schottky junction can be established at the interface,
wherein the conduction and valence band are bent upward to the N–TiO2 interface. The electrons on
the N–TiO2 conduction band are enriched by the Pt NPs via the Schottky barrier between cocatalyst
and N–TiO2 and then captured by oxygen molecules, affording superoxide (·O2−) species [11,46].
The superoxide (·O2−) species may attract the hydrogen atom of the substrate (benzyl alcohol) to form
an alkoxide intermediate; after that, the transient alkoxide intermediate undergoes rapid hydride
transfer, resulting in the elimination of proton hydrogen, and ultimately resulting in benzaldehyde.
The local electromagnetic field generated by the gold nanoparticles under visible light enhances the
excitation probability of the photogenerated electron and hole pairs of the N–TiO2 support material,
resulting in more photogenerated carriers, and then these photogenerated electrons migrate to the
cocatalyst nanoparticles across the Schottky barrier between Pt–TiO2 and react with oxygen to form
superoxide radicals.

Figure 4. (a) Controlled experiment using different radical scavengers; (b) ESR spectra collected using
5,5-dimethyl-1-pyrroline-N-oxide ((DMPO-·O2

−)) as the spin trap. (c) A plausible mechanism for the
photo-oxidation of benzyl alcohol over Au2Pt2/N–TiO2 under visible-light irradiation.

As listed in Table 1, we further investigated the photocatalytic oxidation of various aromatic
alcohols over Au2Pt2/N–TiO2. As expected, Au2Pt2/N–TiO2 has not only high activity for oxidation
of aromatic alcohols, but also has excellent selectivity for carbonyl compounds. Furthermore,
the conversions of different aromatic alcohol substrates were significantly different; for example,
the substitution of para-substituted benzyl alcohol with an electron-donating group (–OCH3 and –CH3)
can increase the efficiency of the reaction, while substitution with an electron-withdrawing group
(–Cl) lowers the activity. Furthermore, the durability of the photocatalyst is also a crucial parameter
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for its further application. As shown in Figures S5 and S6 (Supplementary Materials), no significant
decrease in the photocatalytic activity was observed after five cycles, indicating that Au2Pt2/N–TiO2

maintained highly durability in the photocatalytic reaction.

Table 1. Photocatalytic selective oxidation of various aromatic alcohols on Au2Pt2/N–TiO2
a.

Entry Substrate Product
Yield b

(%)

Selectivity c

(%)

1 80.9 97.7

2 78.1 79.6

3 d 87.9 97.9

4 63.8 76.9

5 e 91.2 100

6 50.1 54.2

7 52.2 75.1

a Solvent: 1.5 mL of trifluorotoluene; substrate: 0.1 mmol aromatic alcohol; photocatalyst: 10 mg of Au2Pt2/N–TiO2;
1 atm of O2, reaction temperature was maintained at 30 ◦C, for 2.5 h of reaction time. b Yield of aromatic aldehyde;
c selectivity of aldehyde or ketone; d 1 h of reaction time; e 1 h of reaction time.

4. Conclusions

In this study, we successfully synthesized the plasmonic photocatalyst Au2Pt2/N–TiO2 and
investigated its catalytic performance for photo-oxidation of aromatic alcohol. A combination of
bifunctional metal NPs was demonstrated for their dual properties related to plasmonic absorption,
as well as efficient electron trapping. Coupling a semiconductor with Pt NPs as the cocatalyst can
form a Schottky barrier interface, serving as the “electron trapper” to improve charge migration and
separation. The Au nanoparticles can be used as an antenna for converting light energy into a local
electric field, and hot-electron injection and PIRET mechanisms improve photocarrier generation.
The intra-bandgap states of N-doped TiO2 take a crucial part in improving both hot-electron injection
and PIRET from plasmonic metal nanoparticles to the semiconductor. As a result, the reaction rate of
the Au2Pt2/N–TiO2 catalyst, herein, is ~24 times than that of TiO2, and the AQY at 500 nm reaches
5.86%, indicative of the successful functionalization of N–TiO2 via the integration of Au plasmonic NPs
and the Pt cocatalyst. Furthermore, it is indicated that the intensity and wavelength of the illumination
source and the choice of the light source have a significant impact on the activity of photocatalytic
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reaction. This modification of multifunctional metal NPs demonstrates promise for visible-light-driven
catalytic applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/3/391/s1:
Figure S1: TEM images of Au2Pt2/N–TiO2 photocatalyst; Figure S2: (a) N2 adsorption/desorption isotherm of
as-prepared catalysts; (b) the corresponding Barrett–Joyner–Halenda (BJH) desorption pore size distribution;
Figure S3: Fine XP spectra of (a) Au 4f, (b) Pt 4f, (c) N 1s, and (d) O 1s obtained from Au2Pt2/N-TiO2; Figure S4:
(a–d) Diffuse-reflectance UV–Vis spectra of TiO2, N-TiO2, Au2Pt2/TiO2, and Au2Pt2/N-TiO2 catalysts and the
quantum yield for the formation of benzaldehyde under laser irradiation of different wavelengths, such as
405 nm, 450 nm, 500 nm, 532 nm, and 635 nm. The apparent quantum yield was calculated using the equation
ΦAQY = (Yvis − Ydark)/N × 100%, where Yvis and Ydark denote the yield of benzaldehyde under light and
dark conditions, respectively. N denotes the number of incident photons in the reaction vessel; Figure S5:
Recyclability tests of Au2Pt2/N–TiO2 for the selective oxidation of benzyl alcohol; Figure S6: (a,b) TEM images
of Au2Pt2/N–TiO2 catalyst after photocatalysis reaction; (c,d) the EDX analysis of photocatalysis before and
after photocatalysis reaction; Table S1: Summarized physical and chemical data for TiO2, N–TiO2, Au2Pt2/TiO2,
and Au2Pt2/N–TiO2 photocatalysts.
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Abstract: Dimerization of isobutene (IBE) to C8s olefins was evaluated over a range of solid acid
catalysts of diverse nature, in a fixed bed reactor working in a continuous mode. All catalytic materials
were studied in the title reaction performed between 50–250 ◦C, being the reaction feed a mixture
of IBE/helium (4:1 molar ratio). In all materials, both conversion and selectivity increased with
increasing reaction temperature and at 180 ◦C the best performance was recorded. Herein, we used
thermogravimetry analysis (TGA) and temperature programmed desorption of adsorbed ammonia
(NH3-TPD) for catalysts characterization. We place emphasis on the nature of acid sites that affect the
catalytic performance. High selectivity to C8s was achieved with all catalysts. Nicely, the catalyst
with higher loading of Brønsted sites displayed brilliant catalytic performance in the course of the
reaction (high IBE conversion). However, optimum selectivity towards C8 compounds led to low
catalyst stability, this being attributed to the combined effect between the nature of acidic sites and
structural characteristics of the catalytic materials used. Therefore, this study would foment more
research in the optimization of the activity and the selectivity for IBE dimerization reactions.

Keywords: catalysts; dimerization; isobutene; olefins

1. Introduction

The energy dependence of fuels obtained from fossil sources continues to be a serious problem
in many countries that do not count with such natural reserves. Without going any further, in 2017,
gross imports of massive energy into the European Union (EU) stood at 87% [1], highlighting transport
as the sector that consumes the most energy (33%) [2]. In addition, this sector is deeply dependent on
fossil fuels, since 95% of the energy it uses is derived from these sources [3]. This energy dependency
is further troubling when taking into consideration that we are currently running out of these sources
and, in addition, the fuels that are extracted are the main contributors to climate change. Therefore,
there is a need to progressively replace the non-renewable energy sources by inexhaustible ones. One of
these renewable sources for fuel production is biomass [4], which is a sustainable carbon resource with
neutral CO2 emissions.

In the last decade, important studies have been conducted with the aim of producing fuels,
using butanol as an intermediate, which in turn is a byproduct of biomass. This compound can be
dehydrated to butene and subsequently undergo oligomerization reactions to produce from C8 to C16,
and after subsequent hydrogenation yield the desired fuels [5,6]. One of the most used hydrocarbons
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in the fuel market is isooctane, because it is a non-aromatic compound, has a high-octane rating,
has a low sulfur content and low volatility [7]. This compound can be obtained from isobutene
(IBE), which is a relevant molecule employed in the synthesis of polymers, as well as gasoline
additives such as methyltertbutyl ether (MTBE), by reaction with an alcohol [8], or isooctane itself.
Industrially, isooctane can be obtained from the alkylation reaction of IBE in liquid phase with strong
acids such as HF or H2SO4. However, the use of these acids as homogeneous catalysts make their
regeneration very expensive, apart from the environmental problems that they can provoke due to
their corrosive capacity and water solubility [9,10]. Therefore, for years, an alternative route has been
studied with the use of solid acid catalysts, which make safer handling possible and provide a lower
environmental impact. In the literature among the solid acid catalysts used for this reaction we find
ion exchange resins [6,11–13], sulfated metal oxides [14–18], heteropolyacids [19–21], zeolites [22–26]
or Metal-Organic Frameworks (MOFs) [27,28].

The studied reaction in this work consists on IBE to produce isooctane C8 such as
2,4,4-trimethylpen-1-ene (TP1) and 2,4,4-trimethylpen-2-ene (TP2). This alkylation reaction of IBE
needs an acidic medium or a metal capable of breaking the double bond, which generates a tertiary
carbocation that enables interaction with another IBE molecule present in the medium. It is an
acknowledged fact that the surface acidity of the catalyst plays a relevant role on the IBE dimerization
reaction. However, the acidity or the presence of metal can also promote chain polymerization reactions,
which could be minimized working at low conversions, between 20% and 60%, or decreasing the
contact time with the catalytic bed. Thus, catalysis systems achieving high catalytic activities and
optimum selectivity towards dimers in the oligomerization of IBE still remains a challenge.

In this reaction we have used the following catalysts: an ion exchange resin (Amberlyst 15),
a carbon supported heteropolyacid, a sulfated zirconium oxide and a NiO/Al2O3 catalyst. The common
denominator of these catalysts is their surface acidity, since in the structure of the Amberlyst we can
find sulfonic groups (-SO3H) [6], in that of the heteropolyacids there is the presence of protons attached
to the metal cation that makes them considered superacids [21] and in the sulfated zirconium oxide the
presence of sulfate groups bound to the oxide structure [15–18]. On the other hand, the incorporation
of NiO into the alumina structure was consistent with the fact that the metal atom played the role of
reaction intermediate, being able to interact with the electrons of the double bond in the IBE molecule;
thereby allowing the formation of the carbocation and the attack of a new IBE molecule for alkylation
to occur [29–31].

A competent method is pursued in order to orientate the catalytic behavior in reactions based
on solid acid-catalysts. From another perspective, this research would decipher the relevant role of
adequate textual properties of the materials required in these particular reactions. A great deal of effort
is undertaken in order to reveal the nature of active site which is responsible for IBE dimerization.
All these tests employing different catalysts have the objective of accomplishing the IBE dimerization
reaction selectively and, therefore, avoiding polymerization reactions that generate carbonaceous
species which would lead to the deactivation of the catalyst.

On the other hand, another motivation for this study with solid acid catalysts is that most of the
research on oligomerization of butenes is performed in liquid phase at moderately low temperatures,
though, high pressure is required. Therefore, additional specialized components are needed to
cautiously carry out the reaction. Contrary to this, in our work, these requirements are ruled out as IBE
dimerization reaction is carried out under atmospheric pressure conditions in a gas-phase continuous
flow reactor.

2. Materials and Methods

2.1. Catalysts Preparation

The Amberlyst 15 catalyst (denoted A15) was supplied by Alfa-Aesar, Kandel, Germany
(SBET = 15 m2/g, CAS: 39389-20-3). Amberlyst 15 presents high acidity due to its content of sulfonic
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acid groups, equal to 4.7 mmol/g (https://www.sigmaaldrich.com/catalog/product/sial/06423?lang=
es&region=ES). Before its use, the catalyst A15 was purified. The commercial resin beads (0.5 mm)
were incessantly washed with acetone, dried at 110 ◦C during 24 h and kept in a desiccator. Prior to all
catalytic tests, the grains were loaded into the reactor, which was thereafter heated at 180 ◦C for 2 h
under helium flow.

The second catalyst, denoted STA/HSAG100, was a heteropolyacid or polyoxometalates supported
on graphite HSAG100. STA (H4SiW12O40·nH2O, CAS: 12027-43-9) was supplied by Sigma-Aldrich
(Darmstadt, Germany). Commercial high surface area graphite HSAG100 supplied by TIMCAL (Bodio,
Switzerland, CAS: 7782-42-5) with a specific surface area of 100 m2/g (particle size <125 μm) was chosen
as the support for STA. This catalyst containing an STA loading of 15 wt.%, was synthesized by the
incipient impregnation of HSAG100, employing as solvent for the STA solid a mixture of ethanol/water
(1:1 ratio) as reported previously [32]. Before each experiment, STA/HSAG100 was inserted into the
reactor and heated prior to the reaction at 180 ◦C for 2 h under a helium flow of 20 mL/min.

Commercial ZrO2/S Zirconium Hydroxide (Sulfate doped, CAS: 34806-73-0) Grade XZ0682/01
was purchased from Mel (Darmstadt, Germany). ZrO2/S Zirconium Hydroxide precursor was calcined
in flowing air at 600 ◦C for 5 h to obtain active sulfated zirconia (ZS) with a specific surface area of
116 m2/g [33]. This catalyst was also treated prior to its use in a helium flow of 20 mL/min at 180 ◦C.

NiO/Al2O3 catalyst was prepared by incipient impregnation of γ-Al2O3 (CK-300 from Cyanamid
Ketjen, SBET = 180 m2/g, CAS: 1344-28-1) with an aqueous solution of NiSO4·6H2O (also provided
by Sigma-Aldrich, CAS: 10101-97-0). The theoretical metal (Ni) amount incorporated was 5% W/W.
Subsequently, the catalyst was dried at 100 ◦C overnight and calcined at 500 ◦C during 5 h. The final
sample, named NiO/Al2O3, was also treated prior to its use under a 20 mL/min helium flow at 180 ◦C.
This catalyst was also treated in situ with pure hydrogen flow in order to reduce the Ni ions to their
metallic state.

2.2. Supports and Catalysts Characterization

All the samples were characterized by thermogravimetric analyses (TGA). TGA were conducted
under helium using TA Instruments (New Castle, DE, USA), model SDT Q600 TA System. About 5 mg
of the sample was deposited in an alumina crucible and the temperature was raised until to 800 ◦C
(starting from room temperature) at a rate of 10 ◦C/min. In order to remove H2O, on reaching 100 ◦C,
the temperature was kept constant for 30 min. The measured weight loss gives information on the
changes in the solid sample composition and thermal stability features. A derivative weight loss curve
(DTG) can be used to determine the temperature at which the rates of weight changes are maximum.
Gases issued at the outlet of the TGA equipment are CO2, CO, H2, O2 and SO2. This was evidenced by
a Mass Quadrupole Spectrometer (Pfeiffer Vacuum Omnistar™ GSD 301, Asslar, Germany) coupled to
the TGA, this is the technique abbreviated as temperature programmed desorption (TPD)-MS. On the
other hand, total acidity of the samples was estimated with the aid of static ammonia adsorption using
an ASAP 2010 Micromeritics unit (Norcross, GA, USA). The adsorption was carried out at 50 ◦C and
50 mg of material were analyzed. The samples were first pretreated in helium at 230 ◦C (5 ◦C min−1) for
60 min after which it was cooled to 50 ◦C and then NH3 was adsorbed during 30 min. After flushing
with He the amount of desorbed NH3 was determined ramping (10 ◦C/min) from 50 ◦C until 230 ◦C
(NH3-TPD). This final temperature was maintained for 30 min and from the analysis of the gas evolved
by a thermal conductivity detector (TA Instruments, New Castle, DE, USA) the amount of chemisorbed
ammonia can be detected.

2.3. Catalytic Evaluation in Gas Phase Isobutene Dimerization

The IBE dimerization reaction was carried out in a continuous flow fixed-bed tubular reactor
contained within a PID Eng&Tech system (Alcobendas, Spain), equipped with a furnace using PID
control and counting on mass flow controllers mod. EL-Flow Select (Bronkhorst High-Tech B.V.,
Ruurlo, The Netherlands). Before reaction, the catalyst (50 mg) was pre-treated under He atmosphere
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(20 mL/min) at 180 ◦C for 2 h. Any substantial mass-transfer limitation was hindered applying high
linear velocity and the adequate catalysts grain size (sieve fraction 0.25−0.5 mm). Thereafter, the system
was cooled and the catalytic tests were carried out feeding the reactor with IBE:He in a 1:4 molar
ratio counting with a total gas flow of 8 cm3/min−1. The catalytic measurements were done once the
catalyst was brought to the required reaction temperature (180 ◦C) under He. Thereafter, the gas
stream was switched to the reaction mixture. Conversion measurements were conducted every 10 min
after stabilizing the samples. The IBE conversions were derived upon the on-line analysis of the exit
gas with the aid of a Varian CP-3800 chromatograph (Agilent, Santa Clara, CA, USA) equipped with
a FID detector (200 ◦C, detection range 10) and a Supelco alumina sulfate PLOT capillary column
(30 m × 0′53 mm/10 μm). The programmed temperature of the column is as follows: it was maintained
at 120 ◦C during 5 min; then a raised until 180 ◦C at a rate of 15 ◦C min−1 and kept constant at 180 ◦C
for 10 min. IBE conversions, activity and selectivity were estimated as:

Conv IBE (%) = (([IBE]◦ − [IBE])/[IBE]◦) × 100 (1)

where Conv IBE (%) (1) is IBE conversion percentage, [IBE]◦ and [IBE] are the inlet and outlet IBE
concentrations, respectively.

Selec TP1 (%) = (2 × [TP1])/(2 × Σi [products]i) × 100 (2)

where Selec TP1 (%) (2) is percentage of 2,4,4-trimethylpent-1-ene produced, [TP1] represents the
concentration of TP1 produced and Σi [products]i is total concentration of products.

Selec TP2 (%) = (2 × [TP2]i)/(2 × Σi [products]i) × 100 (3)

where Selec TP2 (%) (3) is percentage of 2,4,4-trimethylpent-2-ene produced, [TP2] represent the
concentration of TP2 produced and Σi [products]i is total concentration of products.

Selec C8s (%) = (2 × [C8s]i)/(2 × Σi [products]i) × 100 (4)

where Selec C8s (%) (4) is percentage of another C8s produced, [C8s] represent the concentration of C8s

produced and Σi [products]i is total concentration of products.

Activity (μmol IBE converted/gcat) = (Conv IBE (%) × [IBE]◦/gcat) (5)

where Activity (5) is catalytic activity, Conv IBE is IBE conversion percentage, [IBE]◦ are inlet IBE
concentration and gcat is mass of catalysts.

In order to verify that the solids exhibited a reproducible behavior the catalytic tests were carried
out in duplicate.

3. Results

3.1. Catalysts Characterization

The acidity of catalysts was studied by NH3-TPD and their profiles are shown in Figure 1. As it is
well-known, the temperature at which NH3 desorbs can be related to the strength of acid sites. However,
NH3 is a strong non-site-specific base that can be adsorbed on both Brønsted and Lewis acid sites,
and simultaneous desorption from several sites can occur [34]. The experimental conditions employed
in the present work allow us to disregard the contribution of gaseous or adsorbed NH3 as well as those
from species evolved from the material itself and to consider, exclusively, contributions ascribed to
acid sites. In addition, under these low temperatures, it is unlikely that surface reduction by ammonia
and, hence, change in the acidic properties might take place. Moreover, none of the catalysts hold
micropores, so ammonia desorption temperatures should not be influenced by diffusion constrains.
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Figure 1. Temperature programmed desorption of adsorbed ammonia (NH3-TPD) profiles and
deconvolution after adsorption of NH3 at 250 ◦C on the catalysts: (a) A15; (b) STA/HSAG100;
(c) NiO/Al2O3; (d) sulfated zirconia (ZS).

Overall, it can be observed (Figure 1) that the temperature range in which NH3 desorption occurs
is similar for all the samples, and that the maximum is shifted to higher temperatures following the
order: NiO/Al2O3 > ZS > A15 > STA/HSAG100. Moreover, the intensity of the STA/HSAG100 TPD-NH3

profile is significantly lower compared with that of the other samples. This was expected since HSAG100

is a graphitic support that barely holds any acid site; hence the acidity of this catalyst is given mostly
by the STA which is in a 15 wt.%. However, it is worth highlighting that the heteropolyacid also retains
its acidity despite being supported, and this suggests a weak interaction between STA and the graphite
as observed previously in silica-supported systems [35]. In contrast, the other tested catalysts are either
bulk catalysts, A15 and ZS, or NiO 5 wt.% supported on alumina, so the total acidity is obviously
higher as it emerges from the structure and the surface groups themselves.

In order to analyze the results, the NH3-TPD profiles were fitted by two symmetrical peaks.
The resulting peaks, with maxima in the range of 174–187 ◦C and 224–246 ◦C, represent sites of
increasing acidity strength. The first contribution is observed at quite similar maximum temperature
for all the samples except for A15 that displays the maximum at higher temperature, ca. 187 ◦C.
The second contribution is observed at the same temperature for NiO/Al2O3 and A15, ca. 241 ◦C,
while it is slightly shifted to higher temperature for STA/HSAG100, ca. 246 ◦C and to significantly lower
temperature for the sample ZS, ca. 224 ◦C.

The ratio of these sites LT/HT (Low T: LT, and High T: HT) was also estimated (in Figure 2),
and results indicate that it follows the trend ZS > NiO/Al2O3 > A15 > STA/HSAG100. These values
indicate that, even though ZS presented less acid sites in the HT range, as refers to the desorption
temperature, its LT/HT ratio is the highest among the samples, i.e., 1.21. In contrast, both A15 and
STA/HASG100, despite having stronger acid sites than ZS as evidenced in this higher temperature of
desorption, hold significantly lower LT/HT ratios, i.e., 0.64 and 0.57, respectively.
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Figure 2. TPD profiles after adsorption of NH3 at 250 ◦C on the catalysts.

We have evaluated four samples with acid sites of different nature, both Brønsted (mainly SO3H,
H+ and -OH from the support surface) and Lewis (Ni, Zr, Al), all of them contributing to weak and
strong acid sites [36]. The evaluated samples have surface -OH groups that could be responsible
for the acidity given by the first desorption peak. The shift to higher temperatures of the LT peak
observed in A15 could be tentatively ascribed to the contribution of the H+ of this cation exchange
resin, which would be more acidic than the -OH groups. The second contribution could also include
the desorption of NH3 from -OH groups along with desorption from more acidic sites like Lewis,
e.g., Al and Ni+δ, as observed previously [37,38]. The contribution derived from –SO3H groups
of the ZS and A15, which correspond to Brønsted acid sites, have been reported to occur at higher
temperatures [39].

Table 1 and Figure 3 summarizes the total weight loss at 600 ◦C for the studied catalysts. The TGA
technique offers information on the stability of the catalysts as refers to the loss of water and their
subsequent thermal decomposition. Generally, the catalysts present a low weight loss being stable at
the reaction temperature range. It should be noted that the catalysts had been pretreated prior to the
reaction at 180 ◦C for several hours, assuring the removal of water species in all cases. The analysis of
TPD-MS showed the evolution of m/z 64 ascribed to desorption of SO2 on ZS, between 350–390 ◦C
associated with sulfonic acids groups. While STA/HSAG100 and NiO/Al2O3 reveal a weight loss due
to decomposition at higher temperatures (>350 ◦C). Finally, the TGA of A15 has been extensively
reported [40,41] revealing an intensive loss of water at temperatures near 200 ◦C. The corresponding
TGA and DTG curves are presented in Figure 3. The mass loss observed within 100 ◦C is associated
with the removal of physically adsorbed molecular water. However, the significant loss of water at
temperatures near 200 ◦C of A15, leads to an unclear comparison among samples. Therefore, the exact
values are presented in the Table 1 that can be taken into account for comparison purposes.

Table 1. Total weight loss determined gravimetrically at 600 ◦C.

Catalysts Weight Loss

A15 41.3%
STA/HSAG100 2.4%

ZS 1.7%
NiO/Al2O3 3.2%
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Figure 3. Weight loss % of STA/HSAG100, NiO/Al2O3 and ZS samples.

3.2. Catalytic Results

After the analysis of the precedent information, it seemed appropriate to investigate the
dimerization of IBE over catalytic materials that possess these properties. IBE oligomerization is
representative of acid-catalyzed reactions where the main defiance involves procuring high selectivity
to C8 (Scheme 1), inhibiting the formation of heavier olefinic products (C12 and C16+) and improving
the catalyst lifespan at the same time.

 
Scheme 1. Dimerization of the isobutene.

Figure 4 depicts the catalyst activity (5) results, over the different samples at 180 ◦C with respect
to time on stream. As portrayed, the highest initial activity for IBE transformation was found with
A15 and STA/HSAG100 catalysts. However, a noteworthy diminution of this parameter within the
first four hours was observed (about 60–75%). It is interesting to notice the catalyst deactivation with
time on stream, especially at the early stages of the reaction (rapid initial deactivation). Thereafter,
the catalysts’ activities were maintained constant for another 24 h of the process (not shown). The IBE
activity was lower for ZS and NiO/Al2O3 than that obtained with A15 and STA/HSAG100.
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Figure 4. Catalytic activity at 180 ◦C for all samples.

Figure 5 describes the results which emphasize the influence of the reaction time on the selectivity
towards C8 olefins, produced with the aid of the different catalysts. The on-stream analysis of
reaction products evidenced that C8s, mainly TP2 (3) and TP1 (2), were the only products obtained.
High molecular weight oligomers were not identified at any of the studied temperatures. Nonetheless,
compounds of the sort are surely formed during the process, though may not be accounted for as they
remain confined at the catalysts’ surface (see the discussion on the catalyst deactivation). STA/HSAG100,
ZS and NiO/Al2O3 presented high selectivity to TP2 (3) (around 70%) being the remaining 25% to TP1
(2). It should be stressed that the IBE conversion to TP2 offered the lowest values in the case of A15,
see Figure 5a, and the formation of other C8s olefins (4) (not reported in Figure 5) was significant higher
(20% at 150 min) compared with STA/HSAG100, ZS and NiAl2O3 (less 10%). Overall, all catalysts
exhibited high activity toward the selective production of TP2 (3) olefin. The high selectivity efficiency
of the catalysts in the IBE dimerization disclosed in this work is of immense relevance because, as far as
we can tell, such high selectivities to C8 products have not been divulged, so far, by other researchers
under continuous flow reaction conditions.

 

Figure 5. Selectivity to C8 olefins formed in the isobutene (IBE) dimerization reaction: (a) 2,4,4-trimethylpen
-2-ene (TP2) and (b) 2,4,4-trimethylpen-1-ene (TP1).

The effect of reaction temperature on IBE conversion (1) has been previously studied within the
50–180 ◦C temperature interval (see Figure S1, Supplementary Materials). The reason behind this is,
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in the first place, concerning the fact that this oligomerization reaction is highly exothermic [42,43].
The temperature effect on IBE dimerization conversion as well as in subsequent oligomerizations,
was considered in order to maximize the amount of C8s obtained in the reaction. The chosen studied
temperatures were selected after numerous preliminary experiments. In addition, some tests were
conducted in the absence of catalyst, seeking the reactant’s activity at high reaction temperatures.
In addition, employing the same reaction conditions, blank experiments of IBE reaction with just the
bare supports (HSAG100 and Al2O3) and pure STA were carried out in order to check their inherent
catalytic activity. Furthermore, external mass transfer resistance and pore diffusion are found to be
non-limiting factors in this catalytic application of these materials.

4. Discussion

The IBE dimerization is a complex, extremely exothermic process whereupon a succession of
consecutive and parallel reactions unfolds. Due to this, without neglecting the formation of high
molecular weight derivatives, such as C12 and C16 olefins or even higher (C20+), the selectivity to a
specific C8 olefins is the key parameter.

Overall, the literature described reaction processes of IBE dimerizations via carbenium ion
mechanism. As an example, Schmidl [44] explains how this reaction advances through this mentioned
path (carbenium ion way). The process conditions and the relative stability of the intermediate
carbenium ions will determine the reaction equilibria and hence the products obtained. The catalytic
cycle of the solid acid isomerization includes three steps: 1—chain initiation to form the first active
carbenium ions, 2—rearrangement of the carbenium ions and 3—chain propagation. Solid acid catalysts
release a proton, which favors alkene protonation to form an active carbenium ion. The dimerization
of light olefins, such as IBE, in the solid acid catalyst presence, is based on the consecutive reaction
sequence going on through carbocation intermediates. The addition of a proton (from the solid acid
catalyst) to an olefin leads to a t-butyl cation formation, which then combines with another C4 to give
the corresponding carbocation with eight atoms of carbon. This C8 may isomerize via hydride transfer
and methyl shifts to form more stable cations. The presence of suitable amounts of Brønsted and Lewis
acid sites is ascribed to favorable activities and selectivities. However, it is a current challenge to relate
acid (Lewis and Brønsted) sites with activity or selectivity.

The resin material Amberlyst “A15” used as catalyst in this study has been selected due to its
structural and chemical complexity. It consists of a styrene-divinylbenzene-based support where the
active sites are sulfonic groups. Hence, and as it was detected earlier on (see Section 3.1) by ammonia
adsorption, the surface acid capacity is provided by sulfonic acid groups -SO3H and the distance
between these acid sites. SO3 with an adjacent Brønsted acid site (H+) is regarded as the active site.
In fact, Xiaolong Zhou et al. [12] reported that the surface acidity capacity of A15 is about 4.60 mmol
H+/g. These acid sites of A15 determine the IBE conversion (1) and dimerization selectivity, where the
density of sites or distance between them plays a decisive role.

It can be deduced on viewing Table 2 that the initial conversion of IBE (1) (for A15) was near 50%
and that the principal dimer (close to 60%, w/w, Figure 5a) is TP2. It can be derived from the data given
in Table 2 that IBE conversion (1) is almost quantitative for weight–time values reaching 300 min.

Table 2. Isobutene conversion (1) values at initial, 100 and 300 min for all the samples.

Catalysts Conv0 Conv100 Conv300

A15 49 17 5
STA/HSAG100 36 14 5

ZS 17 6 4
NiO/Al2O3 7 5 2

As was already mentioned, initial high conversion was obtained over commercial Amberlyst
A15. It is evident that IBE conversion (1) rises with increasing of active sites and with the optimal
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distance between acid sites. Since A15 presents mostly sulfonic acid groups -SO3H, it would seem
logical that the catalytic results are mainly due to these Brønsted acidic sites. However, especially
at the beginning of the process, the catalyst activity rapidly decreased. The conversion of IBE over
A15 gradually diminished achieving a ~90% of conversion decrease, making obvious the deactivation
behavior. Apparently, a higher amount of Brønsted sites or a not suitable enough distance led to the
fast-initial deactivation of the catalyst. When the number of the Brønsted sites drop or the distance
between them increases, the concentration of IBE adsorbed on the catalyst would decrease to a certain
extent that could be beneficial to the dimerization process. In addition, the selectivity to a particular C8

could increase (mainly TP2) while that towards other C8s decreases.
The principal cause for the catalyst deactivation seems to be that the surface of the solid acids is

not capable of releasing C8 products formed at the catalyst surface rapidly enough and at the same
time, they favor the augment of side reactions. In this sense, the acid sites are especially active for
oligomerization causing side reactions. These side species serve as starting points for the growth of
carbonaceous species that ultimately masks the active sites making them inaccessible and leading to
deactivation [19]. Corma and Ortega [45] also highlight that reactants’ and products’ adsorptions on
the active sites could play a vital role in catalyst deactivation. In order to avert these limitations, most
industrial processes for IBE dimerization function at conversion values between 20% and 60% [43].
The low thermal stability of sulfonic groups and their decomposition under the conditions utilized in
this study could be another reason for the catalyst deactivation. However, TG profiles indicate that the
sulfonic group stability is quite high under the conditions elected this study. In addition, some reaction
tests involving the incorporation of steam in the reactor feed show that deactivation is not related with
the loss of structural water from the A15 material, since the catalyst also ended up deactivated.

Catalytic properties will be compared with those of Amberlyst “A15”. In the first place, with
the purpose of clarifying the effects of surface acidity, we have compared Amberlyst (A15) and
H4[SiW12O40] (STA) supported over a high surface area graphite HSAG100 (STA/HSAG100) (Figure 4).
Pure heteropolyacids usually display very low catalytic reactivity due to their reduced surface area.
As aforementioned we had verified that HSAG did not exhibit significant activity for IBE conversion.
Therefore, supported heteropoly acids, commonly prepared by their impregnation over classical high
surface area materials, are adequate for catalytic reactions. Moreover, their strong acidity makes them
attractive candidates to tackle the current challenges found in alkene dimerization.

In ours experiments of IBE conversion and product yield (Figures 4 and 5), the evolution with
the reaction time of catalytic parameters can be compared for both catalysts (A15 and STA/HSAG100).
Both catalysts presented an initial high activity in the IBE dimerization gas phase reaction. The acidity
of these materials was enough to activate this reaction, observing TP1 and TP2 as the main reaction
products. However, one main aspect can be featured: A15 is initially (during the first 50 min) more
active than STA/HSAG100, the latter becoming less deactivated than A15 upon the first 50 min into
the reaction. Deconvolution of TPD-NH3 portrayed similar profiles at low temperature (LT) and high
temperature (HT), being LT/HT similar in both samples. As refers to the acid sites, Guerrero et at. [46]
studied the surface acidity of STA/HSAG in the decomposition reaction of isopropanol. The sole
product obtained in this study was propylene, which results as a dehydration product favored by the
presence of acidic surface centers. Therefore, from the estimation of specific activities for isopropanol,
they could achieve a direct and quantitative estimate of acid sites, this being higher for STA. From these
results, it was obvious that the density of acid surface sites exposed on A15 material is somewhat lower
than on the STA supported sample. This subtle difference cannot justify the lower initial catalytic
activity of STA/HSAG100. Hence, this commercial material (A15) probably possesses acid surface sites
not similar in nature or of different distances between neighbor surrounding acid sites, when compared
with the acid sites of STA/HSAG100.

Concerning the STA/HSAG100 catalyst, the graphite support presents a basic nature even though
it is not functionalized with any surface specie. This is due to the delocalized p-electrons present on
the basal planes of carbon supports [47]. On the other hand, the heteropolyacid solids anchored could
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be accommodated on defective carbon surface sites or at the graphite crystallite edges, which will be
impeded by the oxygen groups (of acidic nature), whose exit creates defective sites. A good dispersion
of the STA on the graphite could take place by an effective interaction of STA with the basal graphitic
surfaces, i.e., small crystallites sizes. Furthermore, carbon supports can facilitate the products’ diffusion
from the catalyst surface improving the IBE isomerization. Guerrero et al. [45] studied how for the
graphite supported samples the heteropolyacid crystallites are practically undistinguished from the
pristine support. It is worth emphasizing that the heteropolyacid also retains its acidity despite being
supported as it was determined by NH3 adsorption. These compounds are highly acidic when the
giver is a proton (Brønsted acidic sites) and they are sometimes considered as superacidic. It could be
suggested that the combination of the particularly small STA supported crystallites, nature of the acid
sites (Brønsted) and the surrounding atomic layout defines the activity of the catalysts. This cooperative
effect leads to C8s (mainly TP2) production.

Finally, it should be noted that the STA/HSAG100 also suffers deactivation as a result of carbonaceous
deposition. Furthermore, the comparison between both catalysts evidenced that the deactivation
balance is worse in the case of A15 due to higher carbon deposits accumulation during process of
the reaction on this material. In addition, STA/HSAG100 displays higher selectivity to C8 and higher
catalytic durability than that of A15 in IBE dimerization. This can be attributed to the fact that the
surface-appropriate acidity of former may be more effective in decreasing the interaction between
the catalyst surface and coke precursors and this favors the readily desorption of coke deposits.
This behavior also gives away some differences in the chemical and physical characteristics of the
active sites displayed in STA/HSAG100 with respect to those in A15. Acid supported STA and A15
have proven to be active although they deactivate rapidly. This behavior is caused by formation of
polyolefins as a result of the polymerization of IBE, leading to strongly adsorbed molecules on the acid
sites, especially resin material. Therefore, it is necessary to prevent this poisoning of acid sites with an
appropriate design of the catalyst.

Subsequently, the above mention catalysts were compared with the sulfated zirconia (ZS) sample.
Activity versus time on reaction is reported in Figure 4, which reveals a rapid decline in the activity
at the beginning of the catalytic run ascribed to a partial process of deactivation. This process of
deactivation has already been described for A15 and for STA/HSAG100. After about 50 min, the activity
stabilizes at values close to 15–18% remaining practically constant for at least 300 min. Note that the
activity of ZS is lower than that of A15 and STA/HSAG100. However, its deactivation is less pronounced
in comparison with that of A15 or STA/HSAG100.

Despite the fact that no a general agreement on the structure of ZS has not been achieved, it has
been well established that acidic SO3 with an adjacent Brønsted site is the acidic active site [48].
Therefore, sulfated metal oxides such as ZrO2, have both Brønsted acid sites arising from the existing
sulfate groups at the surface of the catalyst and Lewis acid sites derived from the metal oxides [49].
In our particular case of the ZS material, Lewis acidity could be inherent to Zr4+ sites. Both Brønsted
and Lewis acid sites seem to be present on the ZS surface (Scheme 2).

 

Scheme 2. Brønsted and Lewis sites on the sulfated zirconia.
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Xuan Menga et at. [50] studied the surface of sulfated zirconia synthetized by sulfated zirconium
hydroxides. Here, Lewis acid are the main active sites on the surface, dependent upon the calcination
temperature. Protonic (Brønsted) acid sites play a pivotal role, though the existence of plenty Lewis sites
(made superacidic by the surface sulfates´ existence and inductive effect therefrom) could be crucial
for the development of the IBE dimerization under the limitations applied in this study. Certainly,
according to the results obtained with A15, high density and strength of Brønsted sites leads to a rapid
deactivation by blockage of these sites. Therefore, there must be a correlation between strong acid
sites and activity [51]. ZS catalyst present both Brønsted and Lewis sites on surface but the total acid
centers of the pair decreased, which is reflected in the lower activity and yet a low deactivation rate
in comparison with A15 or STA/HSAG100. Hence, it could be assumed that the acid sites (Brønsted
and Lewis) must be in the accurate density and formation in order to carry out the reaction. The IBE
isomerization could be thought to proceed over a Brønsted acid site with the Lewis acid site playing a
supporting role. On the other hand, since the activity of ZS is low, its deactivation is also low. Now,
the surface of the solid is capable of eliminating C8 products from the catalyst surface. As regards the
deactivation, TGA and TPD-MS experiments have shown that low thermal stability of sulfonic groups
or their decomposition under the limitations imposed in this study can be discarded.

In contrast, NiO/Al2O3 catalysts showed a remarkably low catalytic activity, compared with
the all the other catalysts (Figure 4), which reflected the ineffective strong acidity of this material.
It should be recalled that blank experiments involving IBE and the bare supports (Al2O3) showed no
catalytic activity. The γ-alumina acidic properties are well-known and usually ascribed to incompletely
coordinated aluminum ions of Lewis acid nature [52]. Thermally activated alumina did not display
strong Brønsted acid sites on its surface. Regarding the acidity of our catalyst (NiO/Al2O3), which was
prepared by impregnation employing nickel (II) sulfate, it could exert certain influence on this property.
The sulfate ions at the surface led to the occurrence of strong Lewis acid sites, if during calcination there
is no decomposition of sulfate anion (SO4

2-). The introduction of a certain amount of sulfur compounds
to γ-alumina (verified by TPD-MS) is recognized to improve its acidity. The SO4

2- ions exist as a
chelating bidentate ligand and enrich the Lewis metal centers’ acidity (Al and/or Ni) and the catalyst
would be highly active for the oligomerization of olefins [53]. On the other hand, the Ni (II) sulfate
impregnation on γ-Al2O3 and the subsequent calcination at 500 ◦C could provoke to the formation of
either nickel aluminate or nickel oxide. The existence of only one type of surface nickel species should
not be discarded in the calcined catalyst. In terms of activity, the catalyst treatment prior to its use
under hydrogen flow has indicated that metallic Ni is not active under this reaction conditions.

Normally, unsaturated Ni species interact with IBE in the course of the oligomerization reaction [53].
The surface species interact with the Ni close by, producing a strong acidity, which allows the activation
of the dimerization of IBE with demand for strong acid sites.

However, NiO/Al2O3 shows low catalytic activity most likely due to the insufficient acidity at the
catalyst surface. The addition of NiSO4 as an acid precursor and the strength derived owing to this
group has not induced the presence of strong Lewis acid sites and it has not permitted the activation of
this demanding reaction. It should be emphasized that NiO/Al2O3 presents weak Lewis acid sites and
that all the above discussed experimental evidences confirmed that the Brønsted-type acidity seem to
be a more effective criterion in the IBE dimerization.

On the basis of the results obtained, it can be hinted that a high acid site concentration, type of
acidity (Brønsted or Lewis) or distance among acidic sites must be the factors which allow the activation
in the gas phase reaction. The thermal properties of these acid sites, as well as the textural properties
also seem to be important. Moreover, the active adsorbed intermediated should be closely linked to the
surface Brønsted/Lewis groups. The higher the acidity of the Brønsted sites, the higher is the reaction
rate, which is in agreement with the following order of the total Brønsted acidity of the catalysts:
A15 > STA/HSAG100 > ZS > NiO/Al2O3. However, it is worth noting that the correlation between the
catalyst activity and the acid loading was not linear. This may suggest that in the process of IBE
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dimerization, not only surface chemistry (acid loading), but also textural properties of catalysts play a
significant role.

It should also be mentioned that the selectivity (or products distribution) obtained with A15
was not the same as when using STA/HSAG100, ZS or NiO/Al2O3 where the main product was TP2.
The results obtained clearly suggest that C8 olefins formation in the reaction must be rapidly and easily
detached from the active sites, which would avoid the formation of C12 and C16+ olefin fractions and
therefore the deactivating process.

5. Conclusions

In this paper, the study of the IBE dimerization, under gas phase at moderately low temperatures,
over different solid catalysts has led to outstanding results. The acidic sites present and their strengths
have been associated with the catalytic activities and the respective selectivities to C8. These solids
have proven to be highly selectivity to C8 (TP2 and TP1), disclosing the interest of this work. Moreover,
the formation of minor amounts of others C8s has been related with the existence of strong Brønsted
sites. As a tentative explication, the solid acid catalysts release proton species that interact with close
by active sites, producing a strong acidity which allows the activation of a gas phase reaction with
demand for strong acid sites. In the case of Lewis sites, these seem to be less active than Brønsted
sites. The catalytic performance of our catalysts might be assigned to a combination of their acidic and
textural properties. Moreover, other factors such as high concentration of acid sites, thermal properties
of these sites and ratio between Brønsted/Lewis sites or distance among acidic sites stimulate this
reaction. On the other hand, if the acid sites are very active for the IBE dimerization, they would also
favor the side polymerization reactions, modifying the surface acid capacity of the catalyst, which leads
to rapid deactivation. In order to avoid limitations caused by deactivation for IBE dimerization, it is
necessary to operate at relatively low conversions (20–60%) which will extend the lifespan of the
catalysts. It is beneficial to prolong the durability of the catalyst. A positive effect on the catalyst
stability could also be the use of an inert diluent in the IBE feed (in our case helium). This gas could be
responsible for the “washing-out” of olefins stored at the active sites of the catalysts.

The high selectivity efficiency of the samples in the dimerization of IBE described in this study is
of great importance as very high values (close to 100%) towards C8 fraction have been reported in
this work. The dimers selectivity could be significantly enhanced by effectively controlling the acid
capacity, among others. However, further work is still needed in order to know the ambiguities of the
surface of the acid solids.
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Figure S1: (a) Catalytic activity at 50, 100, 150 and 180 ◦C for the Amberlyst; (b) Selectivity to TP2 and (c) to TP1
olefins formed in the IBE dimerization reaction.
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Abstract: N-doped (NrGO) and non-doped (rGO) graphenic materials are prepared by oxidation and
further thermal treatment under ammonia and inert atmospheres, respectively, of natural graphites
of different particle sizes. An extensive characterization of graphene materials points out that the
physical properties of synthesized materials, as well as the nitrogen species introduced, depend on
the particle size of the starting graphite, the reduction atmospheres, and the temperature conditions
used during the exfoliation treatment. These findings indicate that it is possible to tailor properties
of non-doped and N-doped reduced graphene oxide, such as the number of layers, surface area,
and nitrogen content, by using a simple strategy based on selecting adequate graphite sizes and
convenient experimental conditions during thermal exfoliation. Additionally, the graphenic materials
are successfully applied as electrocatalysts for the demanding oxygen reduction reaction (ORR).
Nitrogen doping together with the starting graphite of smaller particle size (NrGO325-4) resulted in a
more efficient ORR electrocatalyst with more positive onset potentials (Eonset = 0.82 V versus RHE),
superior diffusion-limiting current density (jL, 0.26V, 1600rpm = −4.05 mA cm−2), and selectivity to the
direct four-electron pathway. Moreover, all NrGOm-4 show high tolerance to methanol poisoning in
comparison with the state-of-the-art ORR electrocatalyst Pt/C and good stability.

Keywords: graphite; reduced graphene oxide; nitrogen-doped reduced graphene oxide; exfoliation;
oxygen reduction reaction; electrocatalysis

1. Introduction

In recent years, the interest in graphene has grown due to its many outstanding electronic,
thermal, chemical, and mechanical properties [1]. These properties give graphene an enormous
versatility. It can be extensively used in diverse applications including energy conversion and storage
technologies [2–5], electronics [6], and sensing device applications [7]. Graphenic materials have also
been widely employed as solid (electro)catalytic materials, either as active phases or as supports [8].
These (electro)catalytic applications strongly depend on its surface chemical properties. It is well
known that the surface chemical properties of graphenic materials can be tuned by covalent added
adatoms [9]. Thus, the presence of nitrogen or boron atoms in the basal planes of graphene layers

Nanomaterials 2019, 9, 1761; doi:10.3390/nano9121761 www.mdpi.com/journal/nanomaterials125



Nanomaterials 2019, 9, 1761

produce changes to many of their chemical properties. It was proven that the doping of nitrogen into
a graphenic nanostructure modifies its chemical and electrical properties, [10]. Thus, the N atoms
inserted in the graphene structure increase the electronic density of the graphenic layer, since one
more electron is added to the graphenic layer, making it more basic [11,12]. In addition, the easily
tunable surface chemical properties and specific surface area of the graphenic materials make them
very versatile materials for application in this field.

An extensive number of works have been devoted to the preparation of graphene and N-doped
graphene. The synthesis of graphene can be performed using different methods, among them the
micromechanical cleavage method [13], chemical vapor deposition (CVD) [14], and epitaxial growth on
silicon carbide surfaces [15]. However, they show low productivity and lack of properties’ selectivity.
One of the common approaches used for a large-scale graphene production is based on the chemical
oxidation of graphite (G) flakes to produce graphite oxide (GO) [16,17] with strong oxidizing agents.
GO can be later exfoliated and converted to reduced graphene oxide (rGO) through a reduction
procedure. The most used routes for the reduction of GO are chemical [18,19], electrochemical [20,21],
solvothermal [22,23], and thermal treatments [24]. The use of thermal reduction is preferred over the
rest of the methods due to its simplicity and industrial scalability [25].

The incorporation of nitrogen in graphenic materials to produce N-doped reduced graphene
oxide (NrGO) has been described using several methods as well. For example, CVD using NH3 [26],
acetonitrile [27], or pyridine [28] as the N source; the arc discharge of graphite [29] in the presence of
pyridine or NH3; the nitrogen plasma treatment of graphene [30]; and the thermal treatment of GO
with melamine [31,32], urea [33], or NH3 [9,34].

The improvement of some of the properties of rGO and NrGO has been undertaken using different
synthetic strategies. Wu et al. [35] studied a chemical exfoliation of GO to produce reduced graphene
oxide with a selective number of layers based on different starting materials such as pyrolytic graphite,
natural flake graphite, Kish graphite, flake graphite powder, and artificial graphite. They reported the
effect of the lateral size and crystallinity of these starting graphite materials on the number of graphene
layers presented in the obtained graphenic material. They found that graphite samples with a small
lateral size and low crystallinity produce a higher proportion of single layer graphene. Li et al. [34]
obtained NrGO through the thermal annealing of GO in NH3 sweeping temperatures between 300 and
1100 ◦C. Annealing at 500 ◦C afforded the highest N-doping level of ∼5%, showing the strong influence
of the temperature on the nitrogen content of the obtained materials. They claim that the N-doping
degree depends on the amount of oxygen functional groups of graphene as they are responsible for the
formation of C−N bonds. The higher the annealing temperature is, the lower the content of oxygen,
leading to a lower reactivity between the graphene layer and NH3. The production of NrGO based on
the annealing of GO in the presence of melamine at high temperature (700−1000 ◦C) has been reported
by Sheng et al. [32]. They noted that nitrogen content depends on the mass ratio between GO and
melamine as well as on the temperature, reaching values of 10.1 at % using a 1:5 ratio of GO to melamine
at 700 ◦C. A similar approach was used by Canty et al. [33] working with urea and GO as precursor
materials of NrGO. They used the ratio of GO to urea as a way to control the amount of nitrogen
inserted and the surface area values obtained. Nonetheless, neither Li et al. [34] nor Canty et al. [33]
reported a systematic study of the synthesis conditions to optimize NrGO properties. Menendez’s
group [25] analyzed the effect of the experimental conditions of the thermal transformation of GO
onto rGO, finding that the treatment temperature strongly affects the type and amount of functional
groups obtained. Following this line of research, they proposed that the temperature of the initial
flash thermal treatment allows the control of the surface area obtained [36]. However, the surface area
values achieved were lower than 500 m2g−1. Zhang et al. [37] proposed a vacuum-promoted thermal
exfoliation method for different samples of GO, which were obtained from natural flake graphites with
particle sizes ranging from 100 to 5000 mesh. Nevertheless, neither the morphology nor the structures
of different graphenic samples were affected by the parent graphite particle size. The surface areas
observed were around 490 m2g−1 and the C/O ratio determined by XPS analysis revealed that all
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the samples had almost the same oxygen content. Thus, the vacuum-promoted exfoliation method
minimizes the differences originated from the raw graphite particle size. The effect of the raw graphite
size on the rGO properties has been also described by Dao et al. [38]. They prepared rGO by the rapid
heating of dry GO using three graphite particle sizes obtained from grinding a large graphite sample.
An increase in the surface area was observed as the particle size of the samples was reduced, reaching
a value of 739 m2g−1 in their best sample. This improvement was explained as being due to the better
oxidation degree achieved with the decrease of the graphite particle size, which also favors a better
exfoliation of the GO.

On the other hand, a previous study of our group [10] reported the synthesis of NrGO from GO
obtained from three different graphite particle sizes. We found that the quantity of nitrogen and the
surface properties obtained were dependent on the particle size of the graphite used. However, the
surface areas obtained were not optimized enough.

Due to the lack of simultaneous and systematic reports regarding the combined effect of raw
graphite size and the conditions of the thermal treatment (heating rate and temperature) on the
properties of non-doped and N-doped reduced graphene oxide, we have investigated the preparation
of graphenic materials using three different particle sizes of starting graphite and using various thermal
treatments. Moreover, a deep characterization of the graphenic materials was performed before
applying those as electrocatalysts (ECs) for the oxygen reduction reaction, in order to optimize the
properties of the obtained materials—particularly, the surface area and content of nitrogen—due to the
importance of these parameters in their electrocatalytic performance. Finally, the synthesized materials
have been tested as ECs in the oxygen reduction reaction (ORR).

2. Materials and Methods

2.1. Preparation and Characterization of Graphenic Materials

Graphenic materials were prepared by the treatment of graphite oxide (GO) at high temperature.
Natural graphite powders of various grain sizes—10 mesh, 100 mesh, and 325 mesh (supplied by
Alfa Aesar, Thermo Fisher Scientific, UK, purity 99.8%) were used for the synthesis of GO through a
modified Brodie’s method [17]. This procedure consists of the addition of 10 g of graphite (G) over
200 mL of fuming HNO3, keeping the mixture at 0 ◦C. First, 80 g of KClO3 was gradually added over
2 h. Afterward, the mixture was stirred for 21 h, maintaining the 0 ◦C temperature. The GO obtained
was filtered and washed systematically with water until neutral pH and dried under vacuum at room
temperature. The resultant samples were labeled GOm, where m indicates the mesh size used.

The GOm were exfoliated in a vertical quartz reactor under two different atmospheres. The first
atmosphere consists of nitrogen (87 mL/min) producing rGO, while the second was a mixture of NH3,
H2, and N2 (10, 3, and 87 mL/min, respectively) generating NrGO.

In order to study the effect of temperature and heating rate on the properties of rGO and NrGO,
for each atmosphere described, five different exfoliation ramps were applied over GO325. In a first
ramp, 0.3 g of GO was introduced in the furnace and heated at 5 ◦C min−1 to 250 ◦C; then, the sample
was kept at this temperature for 30 min. The temperature was increased from 250 to 500 ◦C with a
heating rate of 5 ◦C min−1 and then kept at this temperature for 30 minutes. In a second and third
ramp, GO was heated at 5 ◦C min−1 and 10 ◦C/min respectively to 250 ◦C; then, the sample was kept at
this temperature for 30 min. The temperature was increased from 250 to 700 ◦C using the same heating
rates, and then this temperature was maintained for 30 min. In a fourth ramp, GO was heated at 5 ◦C
min−1 to 100 ◦C; then, the sample was kept at this temperature for 1 h. The temperature was increased
from 100 to 700 ◦C with a heating rate of 10 ◦C min−1; then, the sample was kept at this temperature
for 5 min. Finally, in the fifth ramp, the GO was heated up to 250 ◦C at 20 ◦C min−1; then, the sample
was kept at this temperature for 30 min. The temperature was subsequently increased from 250 to
500 ◦C with a heating rate of 20 ◦C min−1; then, the sample was kept at this temperature for 30 min.
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For the exfoliation of the samples GO10 and GO100, the temperature and heating rate used were
selected according to the ramp that gave the higher value of surface area among the exfoliated samples
of GO325. The samples obtained were labeled rGOm-r and NrGOm-r, respectively, where m indicates
the mesh size used and r indicates the ramp used.

The characterization of the as-prepared materials was carried out by different techniques: elemental
analysis, nitrogen adsorption isotherms, X-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and X-ray photoelectron spectroscopy (XPS). The detailed
equipment and methods used are described in the electronic supporting information (ESI) file.

2.2. ORR Electrocatalytic Activities

For the cyclic voltammetry (CV) and linear sweep voltammetry (LSV) experiments, an Autolab
PGSTAT 302N potentiostat/galvanostat (EcoChimie B.V. Netherlands) was used. A modified glassy
carbon rotating disk electrode, RDE (d = 3 mm, Metrohm, Switzerland) was used as the working
electrode, a carbon rod (d = 2 mm, Metrohm, Switzerland) was used as the counter, and an Ag/AgCl
(3 mol dm−3 KCl, Metrohm, Switzerland) was used as the reference electrode.

Before any type of modification, the electrode was cleaned (detailed information in ESI). The
electrode modification was achieved by dropping 2 × 2.5 μL of electrocatalyst dispersion onto the
RDE surface followed by solvent evaporation under a flux of hot air. To prepare the electrocatalyst
dispersion, 1 mg of material was mixed with 20 μL of Nafion, 125 μL of ultrapure water, and 125 μL of
isopropanol. Then, the mixture was sonicated for 15 min.

The CV and LSV tests were performed in KOH electrolyte (0.1 mol dm−3) saturated in O2 and N2.

(30 min purge for each gas). The potential range used for CV and LSV tests was between 0.26 and
1.46 V versus reversible hydrogen electrode (RHE) at a scan rate of 0.005 V s−1. In addition, for the LSV
tests, rotation speeds between 400 and 3000 rpm were used. The effective ORR current was determined
through the subtraction of the current obtained in KOH saturated with N2 by that saturated with
O2. The stability was evaluated by chronoamperometry (CA) for 20,000 s at 0.5 V versus RHE and
1600 rpm. CA was also used to determine the tolerance to methanol crossover by applying a E = 0.5 V
versus RHE for 2000 s and a 1600 rpm rotation speed.

All relevant ORR parameters (effective currents, diffusion-limiting current densities (jL), onset
potential (Eonset), Tafel slope, and the number of electrons transferred for each O2 molecule (ñO2)) were
calculated as described in the ESI file.

Experiments with the rotating ring disk electrode (RRDE) were also conducted in KOH electrolyte
saturated with O2 to determine the amount of H2O2 produced. This was achieved using Equation (1)
where iR and iD correspond to the ring and disk currents, respectively, and N is the current collection
efficiency of the Pt ring (N = 0.25) [39].

% H2O2 = 200 × iR/ N
iD + iR/N

, (1)

3. Results and Discussion

3.1. Characteristics of the Graphenic Materials

XRD is a powerful tool to evaluate the interlayer changes of graphene-based materials. The XRD
patterns of G10, G100, G325, GO10, GO100, and GO325 samples are shown in Figure 1. The G samples
presented the characteristic diffraction peak corresponding to pristine graphite (002) reflection at
2θ~26◦ [10].
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Figure 1. XRD patterns of graphene (Gm) and graphite oxide (GOm), where m indicates the mesh
samples used.

A downshift for (002) reflection peak to 2θ~15◦ after the oxidation treatment was observed for
all the GO samples. It indicates that a successful oxidization of all G samples was achieved [8]. The
distance between layers (d(002)) increased from 0.33 nm (for G) to 0.57 nm (for GO samples), which is
due to the presence of interlayered species incorporated during the oxidation of graphite [25].

The morphology of the GOs was observed by SEM. Figure 2 shows representative images of the
GO samples. The analysis of the particle size distribution based on a minimum of 200 particles shows
that the average particle sizes of GO10, GO100, and GO325 samples are 86, 38, and 25 μm, respectively.

Slow heating rates were selected to be evaluated during the exfoliation process of GOs, since fast
heating rates produce more wrinkled sheets [25]. Thus, small heating rates are fast enough to produce
an effective expansion allowing the exfoliation and minimizing the distortion of the graphene sheets.
It is known that oxygen groups decompose at high temperatures, reducing the number of reactive
sites for N doping [34], and that high annealing temperatures (>700 ◦C) could break C–N bonds in the
NrGO materials leading to a low doping level [40]. So, temperatures up to 700 ◦C were used in the
thermal treatments applied to the GO samples.

Table 1 compiles the main characteristics of the non-doped and N-doped reduced graphite oxides
obtained. Firstly, the GO325 sample was submitted in both inert atmosphere and atmosphere with the
presence of ammonia to five different thermal ramps described in the experimental section. Application
of the BET method to N2 adsorption isotherms (these type IV isotherms were displayed in the Figure S1
of the Electronic Supplementary Information, ESI) measured over the GO325-derived non-doped and
N-doped reduced graphene oxides gave surface area (SBET) values ranging from 667 to 867 m2 g−1 for
the different rGO325 samples and from 427 to 492 m2 g−1 for the NrGO325 samples. These obtained
SBET values are significantly lower than the theoretical value calculated for a single layer of graphene
(2630 m2 g−1) [8]. This finding indicates the piling up of graphene layers and the formation of a
few-layer graphene structure for both rGO and NrGO. However, these values are much higher than the
values previously reported using thermal exfoliation to produce rGO [36,38] and NrGO [10]. From the
results shown in Table 1, it can be seen that ramp 3 for non-doped reduced graphene oxide (rGO325) and
ramp 4 for N-doped reduced graphene oxide (NrGO325) led to reduced materials having an enhanced
SBET. The ramps used for the exfoliation of GO10 and GO100 were selected based on these results. Thus,
the ramp used for the preparation of rGO10 and rGO100 was ramp 3, and for NrGO10 and NrGO100 was
ramp 4. A significant and gradual decrease of the surface area values was observed for rGO and NrGO
sample series as the size of starting graphite increases. These findings are coherent with the tendency
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previously reported for non-doped graphene by Dao et al. [38] where the lower the starting G size, the
higher the oxidation degree of the obtained GO, which could lead to a better exfoliation of rGO.

Figure 2. Representative SEM images of (a) GO10, (b) GO100 and (c) GO325 samples. TEM micrographs
for (d) rGO10-3, (e) rGO100-3, (f) rGO325-3, (g) NrGO10-4, (h) NrGO100-4 and (i) NrGO325-4 samples.
NrGO: N-doped reduced graphene oxide, rGO: reduced graphene oxide.

Table 1. Interlayer distance d(002), estimated number of layers (NL), SBET, and N content (%) for N
doped and non-doped reduced graphene oxide samples.

GOm Ramp Atmosphere Sample d(002) (nm) NL* SBET (m2 g−1) N (%)

GO325 1 Inert rGO325-1 0.35 13 767 -
2 rGO325-2 0.35 10 804 -
3 rGO325-3 0.34 12 867 -
4 rGO325-4 0.35 17 667 -
5 rGO325-5 0.36 26 866 -

GO100 3 Inert rGO100-3 0.35 10 778 -

GO10 3 Inert rGO10-3 0.34 18 505 -

GO325 1 Ammonia NrGO325-1 0.34 14 428 4.8
2 NrGO325-2 0.35 9 427 4.4
3 NrGO325-3 0.34 14 460 5.0
4 NrGO325-4 0.34 14 492 5.0
5 NrGO325-5 0.34 13 476 4.1

GO100 4 Ammonia NrGO100-4 0.35 10 420 3.8

GO10 4 Ammonia NrGO10-4 0.34 40 236 1.8

* NL= (L002 + d002)/d002.
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The completion of the exfoliation process for the prepared graphene materials was investigated by
XRD. Examination of the rGO325-r and NrGO325-r patterns (Figure S2 ESI) indicates that the selected
exfoliation ramps, 3 (inert) and 4 (ammonia), conduce to a successful exfoliation of the GO325 sample
since the characteristic diffraction peak at 2θ~15◦ of GO (see Figure 1) disappeared, suggesting a
reduction of GO325 to NrGO325 and rGO325 samples [10]. In addition, the absence of reflections
corresponding to crystalline graphite for GO325-3 and NrGO325-4 samples supports the adequacy
of ramps 3 (inert) and 4 (ammonia). The greater or lesser success in the GO exfoliation process can
be evaluated by the appearance or not of crystalline graphite reflections. Figure 3 shows the XRD
patterns of NrGOm-4 and rGOm-3. It can be seen that the exfoliation process was fully successful in
inert atmosphere for all the GO and also in ammonia atmosphere, especially for the GO100 and GO325

samples, because only a small and broad peak appeared at 2θ slightly lower than 26◦, corresponding
to the graphite (002) reflection. This fact indicates that the sample contains some small restacking
of graphene layers and the formation of a few-layer graphene structures. The intensity of this peak
displays a progressive increase with the particle size of the GO starting material, showing a higher
number of restacked layers (rGO10 > rGO100 ≥ rGO325). Particularly, the progressive association of the
graphene sheets produced after blasting is favored under ammonia reactive conditions but without
reaching the level typical for crystalline graphite. This tendency is coherent with the values of SBET.
The average stacking number of graphene layers (NL) in the exfoliated samples was estimated by
using the layer-to-layer distance (d(002)) and the size of the crystallite measured from the width of the
diffraction peak of the (002) reflection, using the Scherrer equation [12]. The NL calculated show higher
values than the ones expected according to the SBET obtained. This may be due to the fact that the
XRD signal is strongly influenced by the thicker particles, because although these constitute a minor
proportion in the total of the sample, they are the ones with the highest diffraction signal. The X-ray
crystalline parameters are shown in Table 1.

Figure 3. XRD patterns of reduced graphene materials.

Some morphological evidences of the differences between rGO and NrGO were determined by
TEM (Figure 2). The rGO TEM images exhibited the presence of winkled structures of graphene. The
introduction of nitrogen in the graphitic structure—the NrGO samples—did not produce noticeable
difference in the morphology of the graphene sheets. High resolution transmission electron microscopy
(HRTEM) characterization further showed that rGOm-3 and NrGOm-4 samples consist of 5–12 graphene
layers (Figure S3).

The elemental analysis technique was used to determine the amount of nitrogen atoms in the
graphene materials (see Table 1 for N wt %). For the rGO sample, nitrogen was not found. The
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NrGO325-4 sample presents the higher N content among the NrGO samples with 5.0 wt %, and a
gradual decrease of the N content values was observed as the size of starting graphite increases. There
are two explanations for this phenomenon. First, this tendency can be explained in terms of the higher
degree of oxidation obtained in GO samples with smaller graphite particle sizes [38]. It is known
that the oxygen functional groups in GO including carbonyl, carboxylic, lactone, and quinone groups
are responsible for reacting with NH3 to form C–N bonds, allowing the incorporation of N in the
structure [34]. Thus, a smaller graphite particle size favors the formation of GO with a higher degree
of oxidation, which could lead to higher N contents. Besides, the higher degree of exfoliation of small
crystals also facilitates the contact of the ammonia with the oxygen groups in the basal plane of the
sheets, leading to a better incorporation of N atoms.

XPS is a powerful technique to identify the chemical states of the surface species. It was used to
analyze the surface of the different graphene materials from the characteristic XPS peaks corresponding
to C, N, and O regions (Figure S4 ESI shows general XPS spectra). The results obtained from the
analysis of the C1s, O1s, and N1s individual high-resolution spectra are shown in Table 2. The
assignment of the components of the N1s, O1s, and C1s region is not straightforward. The value of
binding energy observed for the different functional groups of these elements varies in the literature.
It may be due to the specific environments of the atoms and the redistribution of electrons after the
ionization of the sample [30,41–43]. Nitrogen peak deconvolution for the NrGOm-4 samples (Figure 4)
indicated the presence of four elementary peaks: pyridinic nitrogen (399.5–398.5 eV), pyrrolic nitrogen
(400.8–399.8 eV), quaternary nitrogen (403.0–401.0 eV), and NOx groups (404.9–405.6 eV) [10,44–48].
XPS analysis indicated that about 3.2–3.4 at % N was found in the surface of the graphene sheets
after ammonia treatment. These values are lower than those corresponding to the bulk N% content
obtained by elemental analysis. This difference could be attributed to inhomogeneous nitrogen doping
of the graphenic materials, since it was inferior at the surface analyzed by XPS. For rGO samples,
the nitrogen peak was undetected. The percentage of pyridinic N species was slightly higher for the
samples obtained from smaller sizes and quaternary nitrogen was higher for the samples obtained
from bigger ones. The pyridinic nitrogen is the most basic among the different N species. Therefore,
the basicity of carbon catalysts is related to the content of pyridinic groups [48,49].

 
Figure 4. XPS spectra of the N 1s region for NrGO100-4, NrGO10-4, and NrGO325-4 samples.
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Table 2. XPS deconvolution results and RAMAN ID/IG ratio for rGOm-3 and NrGOm-4 samples.

Sample O (at %) N (at %)
O 1s N1s

ID/IG
C–O C=O COOH H2O Pyr Pyrr Quat Nox

rGO325-3 7.0 - 57.0 21.1 15.7 6.2 - - - - 0.63
rGO100-3 7.0 - 63.1 17.0 13.7 6.3 - - - - 0.39
rGO10-3 6.8 - 54.6 20.7 18.7 6.0 - - - - 0.53

NrGO325-4 4.1 3.4 54.7 23.5 17.6 4.2 40.0 21.7 22.7 15.6 0.75
NrGO100-4 3.6 3.3 54.2 21.2 18.9 5.7 39.5 21.7 23.6 15.3 0.63
NrGO10-4 3.6 3.2 56.2 17.4 18.7 7.6 38.5 20.5 28.5 12.4 0.58

The C1s spectra was solved considering five components, which can be assigned to graphitic sp2

carbon atoms (284.6–285.1 eV), the C–O bonds present in alcohol or ether groups (286.3–287.0 eV), C=O
functional groups (287.5–288.1 eV), carboxyl or ester groups (289.3–290 eV), and a fifth wide shake-up
satellite peak representing the π–π* transitions of aromatic rings (291.2–292.1 eV) [46,50].

Concerning O1s, the curve was fitted considering four contributions corresponding to
carbonyl groups (531.1–531.8 eV), epoxide and hydroxyl groups (532.3–533.3 eV), carboxylic groups
(534.0–534.4 eV), and chemisorbed H2O or oxygen (535.5–536.1 eV) [43,46,50–52]. The spectra analysis
revealed that surface oxygen content varies from 3.6–4.1 at % to 6.8–7.0 at % for N-doped and non-doped
samples, respectively. The relatively small amount of oxygen with respect to that of carbon may
be attributed to the process temperature. It is known that higher temperatures during the thermal
treatment produce a decrease of the amount of oxygen functional groups [25]. The oxygen/carbon
atomic ratios also confirm this, as can be seen in Table 2. The differences in these ratios for the various
samples can be ascribed to an enhancement in oxidation degree from the original GOm. For samples
from raw graphite with smaller particle sizes, the oxidation degree of GO is higher. After the thermal
treatment, the final content of oxygen is slightly higher for samples from graphite with a smaller
particle size.

The point of zero charge (PZC) was used to assess the surface chemistry of the graphene
materials [9], because the surface charge of carbon materials is directed by the type and population of
functional groups and the pH. The NrGO samples (Figure 5) show a PZC of 8.5–8.7, while rGO samples
exhibit lower PZC values of 7.2–7.4. Therefore, the rGO samples have a practically neutral surface,
while the NrGO surfaces are more basic. The incorporation of nitrogen atoms into the graphene
structure means more electrons in comparison with carbon atoms and this fact favors the delocalization
of p electrons in N-doped samples, leading to changes in the hydrophobicity of the surface. This excess
of electrons produces a higher basic strength of NrGO surfaces [47].

Raman spectroscopy is a very useful tool to evaluate the degree of disorder in the structure of
graphene [8]. Figure 6 shows Raman spectra for rGOm-3 and NrGOm-4 samples. As Raman spectra at
discrete spots cannot provide an overall picture in the case of non-uniform defects distributions in the
sample, spectral mapping was used to acquire 25 points over a 50 × 50 μm2 area. Two main peaks
corresponding to vibrations with E2g symmetry in the graphitic lattice (G band) at 1580 cm−1 and to
graphite edges or structural defects (D bands) at 1345 cm−1 were observed. Another two featured
peaks have been reported in previous studies. A band D′ peak appears at 1625 cm−1 as a shoulder
of the G band. It arises from alterations in the tension of sp2 carbon atoms in the lattice caused by
the arrangement of the electronic cloud [50]. A second peak assigned as 2D (historically called G’) is
always present at 2700 cm−1 in the spectra of graphene materials [40].
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Figure 5. PZC for rGOm-3 and N-doped reduced graphene oxide (NrGOm-4) samples.

 
Figure 6. Raman spectra for rGOm-3 and NrGOm-4 samples.

The intensity ratio of the D and G bands (ID/IG) can be used as a quantitative indicator of the
amount of disorder or edges within the structure of the samples. ID/IG ratios were calculated (Table 2).
A comparison of rGOm samples with their NrGOm counterparts shows that the ratio increases when N
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is introduced in the reduced graphite oxide. In addition, an increase with N content in the NrGOm series
is observed. This is due to a disruption of the symmetry of the lattice produced by the incorporation of
heteroatoms into the graphitic structure. This effect has been described previously by Chen et al. [53].
They claimed that the introduction of N into the carbon lattice could produce distortions, transforming
the graphitic region into an sp3 domain. From the Raman spectra, it can be observed that an increment
in the N content leads to a shift of the D band to lower frequencies.

For a bulk graphite sample, the 2D band consists of two contributions. For single-layer graphene,
the 2D band appears as a single sharp peak at the lower frequency (around 2690 cm−1). As the number
of layers increases, the 2D band changes its shape, width, and position, and the G peak position shifts
to lower frequencies [8]. A systematic study of the in-plane crystallite size was carried out in 1970 by
Tuinstra and Koenig [54]. They found that the ratio of the D and G band intensities (ID/IG) is inversely
proportional to the in-plane crystallite sizes (La). The crystallite sizes (La) can be calculated from La(nm)
= (2.4 × 10−10) λ4(ID/IG)−1 (λ being the Raman excitation wavelength) [55]. La were 25.6–33.1 nm for
NrGO samples and 30.5–49.3 nm for rGO samples; it is concluded that the crystallite size decreases
with the presence of defects, and therefore the doping level. It is consistent with the bibliography [40],
which point outs that since La is the average interdefect distance, the introduction of nitrogen atoms
accompanied by defects implies a smaller La.

The stability of the prepared graphenic materials in air atmosphere with the temperature was
studied by thermal gravimetric analysis (Figure S5, ESI). Differential thermogravimetric profiles for
rGOm-3 samples show pronounced peaks near 598–642 ◦C that could be attributed to a weight loss
due to the oxidation of a graphitized carbon structure. In comparison, for NrGOm-4 samples, this
peak moved toward higher temperatures, showing oxidation temperatures between 663 and 671 ◦C.
These findings reveal that the presence of nitrogen in the NrGO samples rise the stability in air of the
graphenic material, which is in agreement with previous results [33].

3.2. ORR Electrocatalytic Activities

To assess the electrocatalyst’s properties toward ORR of the N-doped (NrGO325-4, NrGO100-4,
and NrGO10-4) and non-doped (rGO325-3, rGO100-3, and rGO10-3) graphenic materials, a cyclic
voltammetry study was initially performed in a KOH electrolyte (0.1 mol dm−3) saturated with N2

and O2. Figure S6 (ESI) shows the CVs in the N2 and O2 electrolytes for the six samples tested. In
the presence of N2, no redox processes are detected, while in the electrolyte purged with O2, the six
graphene materials studied showed an irreversible ORR peak with 0.74 ≥ Epc ≥ 0.72 V versus RHE. For
comparison, the commercial Pt/C (20 wt %) was also measured in the same experimental conditions
toward ORR (Figure S7a, ESI), presenting analogous behavior to the graphene materials with Epc =

0.88 V versus RHE.
Then, the electrocatalytic properties toward ORR were further studied by LSV with an RDE at

several rotation speeds in KOH purged with O2. The LSVs of all graphene materials are presented
in Figure 7, while those corresponding to Pt/C can be seen in Figure S7b. All graphene materials
presented a linear relationship between jL and rotation speed, suggesting that the electron transfer
reaction is diffusion limited. The LSVs show three different regions: for E higher than ≈ 0.80 V, the
process is kinetically controlled; potential values between ≈ 0.80 V and ≈ 0.50 V indicate the mixed
kinetic-diffusion region, and for E ≤ 0.50 V, the process is controlled by O2 diffusion.
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Figure 7. Oxygen reduction reaction (ORR) polarization curves of rGO10-3 (a), rGO100-3 (b), rGO325-3
(c), NrGO10-4 (d), NrGO100-4 (e), and NrGO325-4 (f) modified electrodes at different rotation rates in
KOH purged with O2 at 0.005 V s−1.

Table 3 shows comparisons of the obtained Eonset and jL, 0.26V, 1600rpm values for the N-doped and
non-doped graphene materials at 1600 rpm. All the ECs showed similar onset potentials (0.82 ≥ Eonset
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≥ 0.79 V versus RHE), but higher jL, 0.26V, 1600rpm values were obtained for the N-doped materials. For
the non-doped graphene materials, these values varied between −2.92 and −3.46 mA cm−2, while for
the N-doped materials, they varied between −3.03 and −4.05 mA cm−2. The NrGO325-4 electrocatalyst
showed the most promising result of all the prepared graphenic materials with the more positive Eonset

of 0.82 V versus RHE (0.12 V more negative than Pt/C) and the higher jL, 0.26V, 1600rpm of −4.05 mA cm−2.
The introduction of nitrogen species led to an improvement in the ORR properties, which is in
agreement with several works that have reported the enhancement of ORR electrocatalytic activity
after the N-doping of carbon materials [56,57]. Furthermore, comparing the results for the non-doped
graphenic materials, it seems that the particle size of the starting graphite does not have a clear direct
relationship with their ORR properties, unlike is observed for the N-doped materials. For the latter, as
the particle size of the starting graphite decreased, there was an improvement of the ORR features
(more positive Eonset values and higher jL), and this is a consequence of the higher degree of oxidation
that favored the incorporation of increased amounts of nitrogen, leading to higher possible active sites
for oxygen reduction. This is supported by the elemental analysis results where the percentages of
nitrogen obtained were 5.0%, 3.8%, and 1.8% for NrGO325-4, NrGO100-4, and NrGO10-4, respectively.

Table 3. Relevant ORR parameters for commercial Pt/C and activated carbons prepared.

Sample Eonset vs. RHE jL (mA cm−2) ñO2 Tafel Slopes (mV dec−1) *

Pt/C (20 wt %) 0.94 −4.70 4.0 89
rGO325-3 0.81 −3.40 2.6 98
rGO100-3 0.80 −2.92 2.2 48
rGO10-3 0.80 −3.46 3.1 65

NrGO325-4 0.82 −4.05 3.9 62
NrGO100-4 0.80 −3.94 3.3 99
NrGO10-4 0.79 −3.03 3.0 78

* normalized by the mass of catalysts

Then, the ORR kinetics at different potentials were assessed with the Koutecky-Levich (K-L) plots
obtained with the application of the K-L equation to the LSVs (in Figure 7) at rotation speeds in the
range of 400 to 3000 rpm. The K-L plots of the graphene materials are presented in Figure S8, and
those corresponding to Pt/C are shown in Figure S7c. For the graphene materials, the j−1 increases
with increasing ω−1/2, which suggests a first-order electrocatalytic oxygen reduction with respect to the
concentration of oxygen dissolved. Additionally, all the K-L plots of the non-doped materials show
different slopes, suggesting that ñO2 depends on the applied potential, while for the N-doped ones, the
differences are less significant. This suggests that in this case, nO2 is less dependent on the potential.
The ORR process in alkaline medium can proceed by two pathways: a direct one involving one step
(Equation 2) or an indirect one involving two steps (Equation 3 and 4) [reference 2 in ESI].

O2 + H2O + 4e− → HO− (2)

O2 + H2O + 2e− → HO2
− + HO− (3)

HO2
− + H2O + 2e− → 3HO− (4)

The mean nO2 (ñO2) values estimated from Equation 3 in ESI are depicted in Table 3, and Figure 8a
shows the changes of nO2 with the applied potential. For the non-doped materials, as the potential
decreases from 0.46 to 0.26 V versus RHE, there is an increase in nO2 values with ΔE values of 1.0, 0.53,
and 0.71 V for rGO10-3, rGO100-3, and rGO325-3, respectively. The variation for the N-doped materials
is less significant with 0.40 ≥ ΔE ≥ 0.22 V versus RHE. The results of mean nO2 values obtained suggest
that rGO100-3 and rGO325-3 proceed through the indirect pathway, while rGO10-3, NrGO10-4, and
NrGO100-4 seem to proceed through a mixed mechanism, similar to ñO2 ≈ 3. This behavior has already
been reported for other N-doped structures [58]. On the other hand, for the NrGO325-4, a one-step
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four-electron transfer mechanism seems to be the leading process, since ñO2 = 3.9. This value is equal
to the one obtained for Pt/C. Additionally, this result is better than that obtained for the other N-doped
carbon nanotubes and graphene [32,59,60].

Figure 8. nO2 at several potential values (a); ORR Tafel plots (b); chronoamperograms in O2-saturated
KOH electrolyte at 1600 rpm and E = 0.50 V vs. reversible hydrogen electrode (RHE), with the addition
of methanol (0.5 mol dm−3) at t = 500 s (c) and without for 20000 s (d).

The better ORR performances (jL and ñO2) of the N-doped materials in comparison with the
non-doped may be related to the presence of nitrogen as explained before, while the differences
between the three N-doped materials to the percentages and types of N species found could also be
related to the particle size of the starting graphite. As discussed above in Section 3.1, usually a higher
degree of oxidation is obtained in GO samples with smaller graphite particle size, and on the other
hand, oxygen functional groups are responsible for reacting with NH3, leading to the incorporation of
nitrogen in the structure, which will favor ORR. Elemental analysis showed that NrGO325-4, NrGO100-4,
and NrGO10-4 presented 5.0%, 3.8%, and 1.8% of N, respectively, whereas the XPS results indicated
percentages of 3.4%, 3.3%, and 3.2%. The NrGO325-4 sample presents a higher N% at the surface and
has also a higher percentage of pyridinic nitrogen. The latest have been reported to work as ORR
electrocatalytic sites due to the electron donated to the conjugated π-bond of graphene and to the lone
pair of electrons they have [61,62].
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To confirm the excellent result obtained for NrGO325-4, RRDE tests were performed. The j values
obtained at the disk and ring are depicted in Figure S9a. For comparison, the Pt/C data were also
included. Equation (1) was used to estimate the percentage of H2O2 produced, and the results are
presented in Figure S9b at several potential values. The NrGO325-4 electrocatalyst presented a low
percentage of H2O2 (≈ 15%), which is in accordance with the high ñO2 value (ñO2 = 3.9), while a value
of 3% was obtained for Pt/C.

Tafel plots (Figure 8b) were obtained from LSV data in Figures S8 and S7b in KOH electrolyte
purged with O2 at 1600 rpm. The Tafel slopes obtained between E = 1.00 to 0.70 V versus RHE were 65,
48, 98, 78, 99, 62, and 89 mv dec−1 for rGO10-3, rGO100-3, rGO325-3, NrGO10-4, NrGO100-4, NrGO325-4,
and Pt/C, respectively. All electrocatalysts except for rGO325-3 and NrGO100-4 presented Tafel slopes
lower than those obtained for Pt/C, which suggests that the graphene materials can easily adsorb O2

onto their surface and activate it, promoting a robust electrocatalytic activity toward ORR. The different
Tafel slopes obtained for rGO325-3 and NrGO100-4 are most likely associated to fluctuations in the
oxygenated intermediates adsorption strength or to an incomplete electrocatalyst, which is used as a
consequence of mass transport losses [63,64]. It is recognized that the intermediates adsorption strength
is dependent on the physical properties and on the chemical nature of the selected electrocatalyst,
which rules the determining step rate. For these two electrocatalysts, the first discharge step upon
the consumption of the MOOH with a high coverage of MOO− is the rate-determining step, whereas
for the remaining electrocatalysts, the conversion of MOO− to MOOH rules the overall reaction rate
(where M stands for an empty site on the electrocatalyst surface) [63].

Tolerance to methanol crossover is another parameter that is usually evaluated because in fuels cells
run on methanol, this can be a problem, as the performance of the cathode can be drastically reduced if
the catalyst in sensitive to methanol. Therefore, to evaluate this parameter, chronoamperometric tests
were performed in a KOH electrolyte purged with oxygen for 2500 s, to which 0.5 mol dm−3 of methanol
were added at t = 500 s (Figure 8c). The presence of methanol led to an impressive decrease (≈ 49%) of
Pt/C current. Oppositely, the graphene materials are much more stable and less sensible to methanol
with current retentions between 78% and 92% suggesting higher selectivity toward oxygen reduction.

The EC stability is also of extreme importance. So, this was evaluated, for all graphene materials,
using chronoamperometric runs in KOH electrolyte (in O2) for 20,000 s applying a potential of E = 0.50
V versus RHE at 1600 rpm. The results obtained for Pt/C and all graphenic materials are presented
in Figure 8d. The best result was observed for Pt/C with a current retention of 88%. The NrGO325-4
electrocatalyst showed the best result from all the graphene materials with a current retention of 85%,
which is only 3% less than Pt/C. For the other ECs, the current retention percentages were 63%, 72%,
82%, 80%, and 78% for rGO10-3, rGO100-3, rGO325-3, NrGO10-4, and NrGO100-4, respectively. The best
performance of the NrGO325-4 electrocatalyst can be ascribed to the combination of two features, the
N-doping and the smaller particle size of the starting graphite.

4. Conclusions

In this paper, we report a viable method for the synthesis of graphene materials and nitrogen-doped
reduced graphene oxide derivatives with enhanced properties. These are based on the chemical
oxidation of graphite flakes with different particle sizes and selecting the experimental conditions used
during the subsequent thermal exfoliation process.

The characterization results suggest that the starting particle size and thermal conditions applied
during the exfoliation treatment remarkably affect the final surface properties of the prepared materials.
The results point out that smaller particle sizes lead to higher surface areas. We achieved surface areas
of 867 m2g−1 for rGO. For NrGO samples obtained from graphite 10, 100, and 325, we observed BET
surface areas of 236, 420, and 492 m2g−1 respectively, which may provide a new way to control the
surface area of N-doped graphene.

The use of different reduction atmosphere (NH3 versus inert) allow to successfully introduce
nitrogen within the graphenic structure, enhancing the electronic properties and basicity of the doped
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materials. For the N-doped samples, the amount of nitrogen introduced and surface areas could be
also tailored.

As a result of their tailored enhanced properties, these optimized NrGO and rGO samples were
successfully applied as ORR electrocatalysts. The NrGO samples showed better ORR performance
in alkaline medium with onset potentials ranging from 0.79 and 0.82 V versus RHE, low Tafel slopes
(62–99 mV dec−1), and good jL values (−3.03–−4.05 mA cm−2). The better performance of NrGO325-4
was attributed not only to the higher content of nitrogen but also to the smaller particle size of the
starting material. Moreover, all the graphene materials presented good durability/stability and very
low sensitivity to methanol. This work has led to a new class of metal-free ORR electrocatalysts with
good efficiency and stability.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/12/1761/s1,
Experimental details; Figure S1 displays N2 adsorption–desorption isotherm for all samples; Figure S2 contains
XRD spectra for rGO and NrGO samples; Figure S3 contains TEM images of the different graphene materials;
Figure S4 shows survey XPS for rGOm-2 and NrGOm-5 samples; Figure S5 contains TGA for graphene materials;
Figure S6 contains the CVs of rGOm-3 and NrGOm-4 modified electrodes in N2-saturated and O2-saturated 0.1 mol
dm−3 KOH solution; Figure S7 contains CVs, LSVs, and K-L plots for Pt/C; Figure S8 contains the ORR polarization
curves of rGOm-3 and NrGOm-4 modified electrodes at different rotation rates in O2-saturated solution; Figure S9
contains LSVs recorded with RRDE and the estimated percentage of H2O2 formed for Pt/C and NrGO325-4.
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46. Biniak, S.; Szymański, G.; Siedlewski, J.; Światkoski, A. The Characterization of Activated Carbons with
Oxygen and Nitrogen Surface Groups. Carbon 1997, 35, 1799–1810. [CrossRef]

47. Faba, L.; Criado, Y.A.; Gallegos-Suarez, E.; Pérez-Cadenas, M.; Díaz, E.; Rodriguez-Ramos, I.;
Guerrero-Ruiz, A.; Ordóñez, S. Preparation of Nitrogen-Containing Carbon Nanotubes and Study of
their Performance as Basic Catalysts. Appl. Catal. A Gen. 2013, 458, 155–161. [CrossRef]

48. García-García, F.R.; Álvarez-Rodríguez, J.; Rodriguez-Ramos, I.; Guerrero-Ruiz, A. The Use of Carbon
Nanotubes with and without Nitrogen Doping as Support for Ruthenium Catalysts in the Ammonia
Decomposition Reaction. Carbon 2010, 48, 267–276. [CrossRef]

49. van Dommele, S.; de Jong, K.P.; Bitter, J.H. Nitrogen-Containing Carbon Nanotubes as Solid Base Catalysts.
Chem. Commun. 2006, 76, 4859–4861. [CrossRef]

50. Dongil, A.B.; Bachiller-Baeza, B.; Guerrero-Ruiz, A.; Rodríguez-Ramos, I.; Martínez-Alonso, A.; Tascón, J.M.D.
Surface Chemical Modifications Induced on High Surface Area Graphite and Carbon Nanofibers Using
Different Oxidation and Functionalization Treatments. J. Colloid Interface Sci. 2011, 355, 179–189. [CrossRef]

51. Figueiredo, J.L.; Pereira, M.F.R.; Freitas, M.M.A.; Órfão, J.J.M. Modification of the Surface Chemistry of
Activated Carbons. Carbon 1999, 37, 1379–1389. [CrossRef]

52. Zielke, U.; Hüttinger, K.J.; Hoffman, W.P. Surface-Oxidized Carbon Fibers: I. Surface Structure and Chemistry.
Carbon 1996, 34, 983–998. [CrossRef]

53. Chen, C.-M.; Zhang, Q.; Zhao, X.-C.; Zhang, B.; Kong, Q.-Q.; Yang, M.-G.; Yang, Q.-H.; Wang, M.-Z.;
Yang, Y.-G.; Schlögl, R.; et al. Hierarchically Aminated Graphene Honeycombs for Electrochemical Capacitive
Energy Storage. J. Mater. Chem. 2012, 22, 14076–14084. [CrossRef]

54. Tuinstra, F.; Koenig, J.L. Raman Spectrum of Graphite. J. Chem. Phys. 1970, 53, 1126–1130. [CrossRef]
55. Pimenta, M.A.; Dresselhaus, G.; Dresselhaus, M.S.; Cançado, L.G.; Jorio, A.; Saito, R. Studying Disorder in

Graphite-Based Systems by Raman Spectroscopy. Phys. Chem. Chem. Phys. 2007, 9, 1276–1290. [CrossRef]
[PubMed]

56. Qu, L.T.; Liu, Y.; Baek, J.B.; Dai, L.M. Nitrogen-Doped Graphene as Efficient Metal-Free Electrocatalyst for
Oxygen Reduction in Fuel Cells. ACS Nano 2010, 4, 1321–1326. [CrossRef] [PubMed]

142



Nanomaterials 2019, 9, 1761

57. Rocha, I.M.; Soares, O.G.P.; Fernandes, D.M.; Freire, C.; Figueiredo, J.L.; Pereira, M.F.R. N-Doped Carbon
Nanotubes for the Oxygen Reduction Reaction in Alkaline Medium: Synergistic Relationship between
Pyridinic and Quaternary Nitrogen. Chem. Sel. 2016, 1, 2522–2530. [CrossRef]

58. Kim, D.-W.; Lia, O.L.; Saito, N. Enhancement of ORR catalytic activity by multiple heteroatom-doped carbon
materials. Phys. Chem. Chem. Phys. 2015, 17, 407–413. [CrossRef]

59. Fernandes, D.M.; Novais, H.C.; Bacsa, R.; Serp, P.; Bachiller-Baeza, B.; Rodríguez-Ramos, I.; Guerrero-Ruiz, A.;
Freire, C. Polyoxotungstate@Carbon Nanocomposites as Oxygen Reduction Reaction (ORR) Electrocatalysts.
Langmuir 2018, 34, 6376–6387. [CrossRef]

60. Li, H.; Liu, H.; Jong, Z.; Qu, W.; Geng, D.S.; Sun, X.; Wang, H. Nitrogen-doped carbon nanotubes with high
activity for oxygen reduction in alkaline media. Int. J. Hydrogen Energy 2011, 36, 2258–2265. [CrossRef]

61. O’Hayre, R.; Cha, S.; Colella, W.; Prinz, F. Fuel Cell Fundamentals; John Wiley & Sons: New York, NY,
USA, 2005.

62. Subramanian, N.P.; Li, X.G.; Nallathambi, V.; Kumaraguru, S.P.; Colon-Mercado, H.; Wu, G.; Lee, J.W.;
Popov, B.N. Nitrogen-Modified Carbon-based Catalysts for Oxygen Reduction Reaction in Polymer Electrolyte
Membrane Fuel Cells. J. Power Sources 2009, 188, 38–44. [CrossRef]

63. Shinagawa, T.; Garcia-Escudero, A.T.; Takanabe, K. Insight on Tafel Slopes from a Microkinetic Analysis of
Aqueous Electrocatalysis for Energy Conversion. Sci. Rep. 2015, 5, 13801. [CrossRef]

64. Chlistunoff, J. RRDE and Voltammetric Study of ORR on Pyrolyzed Fe/Polyaniline Catalyst. On the Origins
of Variable Tafel Slopes. J. Phys. Chem. C 2011, 115, 6496–6507.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

143





nanomaterials

Article

Hydrogen Production by Formic Acid Decomposition
over Ca Promoted Ni/SiO2 Catalysts: Effect of the
Calcium Content

B. Faroldi 1,2,*, M. A. Paviotti 2, M. Camino-Manjarrés 3, S. González-Carrazán 3,

C. López-Olmos 1 and I. Rodríguez-Ramos 1,*

1 Instituto de Catálisis y Petroleoquímica, CSIC, C/Marie Curie 2, 28049 Madrid, Spain;
cristina.lopez.olmos@csic.es

2 Instituto de Investigaciones en Catálisis y Petroquímica (INCAPE-CONICET), Facultad de Ingeniería
Química, Universidad Nacional del Litoral, Santiago del Estero 2829, Santa Fe 3000, Argentina;
apaviotti@fiq.unl.edu.ar

3 Departamento de Química Inorgánica, Facultad de Ciencias Químicas, Universidad de Salamanca,
37008 Salamanca, Spain; mcamino@usal.es (M.C.-M.); silviag@usal.es (S.G.-C.)

* Correspondence: bfaroldi@fiq.unl.edu.ar (B.F.); irodriguez@icp.csic.es (I.R.-R.); Tel.: +345854765 (I.R.-R.)

Received: 3 October 2019; Accepted: 23 October 2019; Published: 25 October 2019

Abstract: Formic acid, a major product of biomass processing, is regarded as a potential liquid carrier
for hydrogen storage and delivery. The catalytic dehydrogenation of FA to generate hydrogen using
heterogeneous catalysts is of great interest. Ni based catalysts supported on silica were synthesized
by incipient wet impregnation. The effect of doping with an alkaline earth metal (calcium) was
studied, and the solids were tested in the formic acid decomposition reaction to produce hydrogen.
The catalysts were characterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), temperature-programmed reduction (TPR), Fourier transform infrared spectroscopy (FTIR),
transmission electron microscopy (TEM), and programmed temperature surface reaction (TPSR).
The catalyst doped with 19.3 wt.% of Ca showed 100% conversion of formic acid at 160 ◦C, with a 92%
of selectivity to hydrogen. In addition, all the tested materials were promising for their application,
since they showed catalytic behaviors (conversion and selectivity to hydrogen) comparable to those
of noble metals reported in the literature.

Keywords: hydrogen production; formic acid decomposition; nickel catalyst; calcium oxide promoter;
silica support

1. Introduction

Hydrogen (H2) has significant advantages as an energy vector compared to petroleum or other
conventional fossil fuels, although currently there are problems associated with its production, storage,
and transportation that must be solved [1]. One possible solution for mobile applications, such as fuel
cells, is to produce H2 in situ by a reaction such as the reforming of methanol, although these reactions
have been associated with the generation of CO2, a greenhouse gas. There would be a significant
advantage if H2 was produced from a chemical product derived from biomass since, in it, the CO2

formed in parallel must be considered a product of a carbon-neutral balance process. Formic acid is a
chemical substance of relatively low specific volume and has limited uses, including its application as
an antibacterial and antifungal agent. It can be produced by chemical methods such as the hydrolysis
of methyl formate, but it is also obtained in equimolar proportions, together with levulinic acid,
by hydrolysis of cellulose raw materials derived from biomass. Currently, with the increased interest
in the production of levulinic acid and other valuable chemicals from biomass, it is important to
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develop processes to use the derived formic acid, since, otherwise, it constitutes a waste material [1].
In this direction, the interest in the use of the decomposition reaction of formic acid to produce H2 has
increased remarkably. Therefore, the challenge is to produce pure H2, with minimal CO content, at the
lowest possible temperature. This demand can be achieved through the careful choice of the catalyst
and the reaction conditions, so a lot of research is currently being done in this direction.

The production of H2 from formic acid using heterogeneous catalysts has been studied in liquid [2]
and vapor phases [3], but, in most cases, formulations based on noble metals, such as Rh, Pt, Ru, Au,
Ag, and Pd that are supported on C, Al2O3, and SiO2 have been investigated [1–3]. For the vapor-phase
reaction, Solymosi et al. [3] found the following order of activity on a set of carbon-supported noble
metals: Ir > Pt > Rh > Pd > Ru. They reported that the decomposition of formic acid started at and
above 77 ◦C on all catalysts, and that decomposition was complete at 200–250 ◦C. On the other hand,
in the case of non-noble metals, the activities of supported Ni catalysts have been measured, proving
to be active at relatively higher temperatures (>220 ◦C) than noble metal catalysts [4].

Ni catalysts with different support matrices show adequate activity and selectivity for H2

production in various processes [5–8]. SiO2 stands out among the supports used due to its high surface
area and low acidity [5,6,8]. Alkaline-earth metal oxides act as structural promoters by increasing the
dispersion of the active phase and stabilizing the dispersed metallic phase against sintering [9–12]. Also,
these additives act as chemical promoters by influencing the acid–base properties of support [13–15] or
the electron density of dispersed metal crystallites [16,17]. In particular, the use of CaO as a promoter
has exerted a positive effect on the increase in the interaction of the Ni with the support and the
resistance of the Ni catalysts to the sintering [18–20].

In this work, Ni catalysts supported on a SiO2 matrix are used in the decomposition reaction of
formic acid in the vapor phase. The effect of doping the support with different loadings of calcium is
studied. The catalysts were characterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), temperature-programmed reduction (TPR), Fourier transform infrared spectroscopy (FTIR),
transmission electron microscopy (TEM), and programmed temperature surface reaction (TPSR).

2. Materials and Methods

2.1. Catalysts Preparation

Ni catalysts were supported on commercial SiO2 AEROSIL 200 (SBET = 200 m2/g, Degussa,
previously calcined at 900 ◦C) or on Ca-SiO2 solids. The binary supports were prepared by incipient
wetness impregnation of SiO2 with Ca(NO3)2·6H2O (Panreac Química SLU, Castellar del Vallès, Spain).
Different Ca loadings were used (3.4, 6.8, and 19.3 wt.%). The Ca–SiO2 supports were maintained at
room temperature for 12 h and then dried in an oven at 90 ◦C overnight. The solids thus obtained were
finally calcined in flowing air, at 550 ◦C for 6 h. Samples are denoted as Ca(X)–SiO2, where X stands
for the nominal Ca content in wt.%.

The Ni metal was incorporated by incipient wetness impregnation with a concentration of 5 wt.%,
using Ni(NO3)2·6H2O (Alfa Aesar, Thermo Fisher Scientific, UK) as the precursor. These samples were
subjected to a drying process in equal conditions to those of the binary support.

2.2. Sample Characterization

The surface area of the material was measured by BET analysis of the N2 adsorption isotherms
collected at −196 ◦C (ASAP 2020 Micromeritics Instrument Corp., Norcross, GA, USA), with
pretreatment at 200 ◦C for 2 h. The crystalline phases of the samples were examined by X-ray diffraction
(XRD), using an X’Pert Pro PANalytical B.V., Almelo, The Netherlands. The TPR experiments were
carried out in a conventional fixed-bed flow reactor, and the effluent gases were continuously monitored
by online mass spectrometry (Pfeiffer/Balzers Quadstar GmbH, Asslar, Germany, QMI422 QME125);
the samples were heated up in a 5% H2/Ar stream with a rate of 10 ◦C/min up to 800 ◦C. The XPS
measurements were carried out using a multi-technique system (SPECS GmbH, Berlin, Germany)
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equipped with a dual Mg/Al X-ray source and a hemispherical PHOIBOS 150 analyzer. The catalysts
were analyzed after two reduction treatments under H2 atmosphere, first at 400 ◦C for 1 h in a
tubular quartz reactor and then at 400 ◦C for 15 min in the load-lock XPS chamber. Transmission
electron microscopy (TEM) images of the reduced catalysts were acquired using a JEOL, Ltd., Tokyo,
Japan, JEM 2100F field emission gun electron microscope equipped with an energy dispersive X-ray
(EDX) detector. The fresh samples were reduced at 400 ◦C for 1 h in a pure H2 stream, while used
samples were measured without any treatment. The particle size was determined by counting 300
particles. The temperature-programmed surface reaction (TPSR) measurements were carried out in
conventional dynamic vacuum equipment coupled to a quadrupole mass spectrometer (RGA-200,
SRS Inc., Sunnyvale, CA, USA). The catalysts were reduced before experiments in hydrogen flow at
400 ◦C and were degassed in a high vacuum at the same temperature. The adsorption was then carried
out using a 40 Torr pulse of HCOOH at 40 ◦C. Once the gas phase was evacuated, the desorption
step was carried out at a programmed temperature, and the gases released were analyzed with a
mass spectrometer.

2.3. Catalytic Test

The catalytic activity measurements for the formic acid decomposition in the vapor phase were
carried out in a conventional fixed-bed flow reactor. The catalysts were pretreated in H2 flux at 400 ◦C
for 1 h and then cooled in N2 flux at the reaction temperature. A mixture of formic acid diluted with
N2 was fed to the reactor using a saturator–condenser at 15 ◦C (HCOOH concentration equal to 6%,
with a flow of 25 mL·min−1). The reactants and products were analyzed by gas chromatography with a
Carboxen 1000 column and a TCD detector.

3. Results

3.1. Catalysts Characterization

Figure 1 shows the diffractograms obtained for the Ni/SiO2 and Ni over the binary supports after
reduction in hydrogen at 400 ◦C for 1 h. From the XRD patterns, the characteristic diffraction broad peak
centered on 2θ = 23◦ confirmed the amorphous nature of silica in Ni/SiO2 sample. No reflections from
CaO species were observed in the diffraction patterns obtained for the Ca(X)-SiO2 supported catalysts.

 
Figure 1. X-ray diffractograms of reduced Ni/SiO2 and Ni/Ca(X)-SiO2 catalysts.

The XRD patterns of Ni/SiO2 and Ni/Ca(19.3)-SiO2 catalysts exhibit broad peaks which could
be assigned to the Ni species. The XRD peaks at 2θ = 44.5◦, 51.9◦, and 76.4◦ indicate the presence of
metallic nickel (JCPDS 04-0850), although small broad peaks at 2θ = 37.2◦, 43.3◦ and 62.9◦ reveal that
there is also oxidized nickel phase (JCPDS 47–1049) [21].
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The FTIR spectra of the reduced Ni/SiO2 and Ni/Ca(19.3)-SiO2 catalysts were analyzed (Figure 2).
FTIR spectra show a broad band at 3528–3596 cm−1, which corresponds to the stretching vibration
mode of the O-H bond from the silanol group (Si-OH). The band at 1050–1080 cm−1 is assigned to
the asymmetric stretching vibration of the siloxane bonds (Si-O-Si). The network Si-O-Si symmetric
bond stretching vibrations are found at 620–900 cm−1, whereas the network O-Si-O bending vibration
modes are observed at 469–481 cm−1. It is noted that the bands decrease in intensity as the content
of Ca wt.% increases [20]. For the Ca promoted sample, with 19.3 wt.% of Ca, the broad band at
1458 cm−1, associated with the band at 876 cm−1, is assigned to asymmetric C-O stretch and out-of-plane
deformation, respectively, of monodentate carbonate species on the CaO phase [22].

 

Figure 2. Fourier transform infrared spectroscopy (FTIR) spectra of reduced Ni/SiO2 and Ni/Ca(19.3)-
SiO2 catalysts.

The XPS analysis of the reduced catalysts was carried out to study the presence of different surface
Ni species (Figure 3). Both samples presented the Si 2s peak at 154.8 eV and the O 1s simple signal
centered at 533 eV, corresponding mainly to the photoemission of the oxygen atoms presented on
the siliceous support [23]. The Ca 2p3/2 core level spectrum from the reduced sample shows binding
energy of 348.2 eV [24].

Figure 3 shows a difference in the Ni 2p3/2 spectra; the Ni catalysts exhibited a peak at 853.2 eV
associated with reduced Ni species and another contribution related with octahedral Ni2+ clusters at
856.3 and 857.1 eV for Ni/SiO2 and Ni/Ca(19.3)-SiO2, respectively [25]. This difference in the binding
energy values could be related to a different interaction between the Ni and the support. In both
catalysts, a reduced nickel fraction was observed under the treatment conditions carried out prior to the
catalytic tests. This Ni0/Ni2+ surface ratio was higher for the Ni/SiO2 catalyst. From the deconvolution
of the spectra, the surface concentration of Ni0 was estimated with respect to the total of surface Ni
species, resulting in 70% and 13% for Ni/SiO2 and Ni/Ca(19.3)-SiO2, respectively.
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Figure 3. X-ray photoelectron spectroscopy (XPS) spectra of Ni 2p3/2 region of reduced Ni/SiO2 and
Ni/Ca(19.3)-SiO2 catalysts.

The reducibility of the supported nickel catalysts was studied by temperature-programmed
reduction (TPR). TPR is a powerful tool for the study of the reduction behavior of oxidized phase, as
NiO, and obtainment of the strength of the oxide-support interaction. Figure 4 shows the TPR profiles
of the catalysts, where two main reduction peaks can be observed. Peaks in the 200–300 ◦C range
that are attributed to the reduction of superficial oxygen [11] are not detected in these solids. Peaks
above 300 ◦C represent reductions in Ni(II) species with different interactions with the support. Peaks
between 300 ◦C and 600 ◦C can be attributed to Ni(II) species with low support interaction, as NiO.
Due to high mobility, this Ni(II) phase can be easily reduced and shows a low reduction temperature.
Peaks above 600 ◦C refer to Ni(II) with moderate/strong support interaction [26]. Reduction peaks at
higher temperatures appear as Ca is added, which suggests this addition increases the interaction of
Ni(II) with the support. The reduction temperature increased with the Ca loading. These results are
consistent with those observed by XPS experiments.

The TEM images of the undoped and doped Ca(19.3) materials are shown in Figure 5. It can be
seen that the nickel particles are evenly distributed over the support. To estimate the average size,
300 particles were measured. Values of 5.1 and 4.8 nm for the undoped and doped catalyst, respectively,
were obtained. Thus, the doping with Ca did not modify the average size of the particles, but did
slightly modify the particle size distribution (see histograms in Figure 5).
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Figure 4. Temperature-programmed reduction (TPR) profiles of Ni/SiO2 and Ni/Ca(X)-SiO2.

 

Figure 5. Transmission electron microscopy (TEM) images of reduced samples: (a) Ni/SiO2 and
(b) Ni/Ca(19.3)-SiO2; the histograms were included.

Figure 6 shows the images obtained in the STEM mode and the EDX mapping of nickel (green),
calcium (red), and silicon (white) revealed that Ni and CaO particles are evenly distributed on SiO2.
In addition, the EDX images showed that Ni particles coincided in space with CaO phase supporting
the metal-support interaction revealed by the XPS and TPR experiments.

 
Figure 6. Selected area for the EDX mapping in reduced Ni/Ca(19.3)-SiO2; mapping of nickel (green),
calcium (red), and silicon (white).
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3.2. Catalytic Performance in Fixed-Bed Reactor

Ni catalysts supported on SiO2 and on Ca-SiO2 were used in the decomposition reaction of formic
acid to produce hydrogen. The catalytic activity of all materials was evaluated by operating the reactor
in the experiments with a mass/flow ratio (W/F) equal to 5 × 10−5 g·h·mL−1. The decomposition of
formic acid can give the following as products:

HCOOH(g)→ H2 + CO2 (1)

HCOOH(g)→ H2O + CO (2)

The values of reaction temperature for which the materials reach a 50% or 100% conversion of formic
acid and its H2 selectivity are compared in Table 1.

Table 1. Catalytic activity of Ni solids: temperature reaction and H2 selectivity for 50% and 100% of
HCOOH conversions (W/F = 5 × 10−5 g·h·mL−1; feed composition: 6% HCOOH/N2).

Catalyst Ca/Ni Ratio T50% S50% T100% S100% H2/CO2 Ratio

Ni/SiO2 - 148 91 180 87 1.01
Ni/Ca(3.4)-SiO2 1 153 93 180 91 1.08
Ni/Ca(6.8)-SiO2 2 153 93 180 90 1.04
Ni/Ca(19.3)-SiO2 5.6 145 92 160 92 0.95

It can be observed that the Ni/SiO2 catalyst reached the 50% conversion at a temperature of 148 ◦C
and 100% at 180 ◦C, while the selectivity was 91% and 87%, respectively (Table 1). In the catalysts
supported on binary systems, the selectivity was higher in all cases. It is important to note that the
catalyst with the highest Ca content (19.3 wt.%) reached 100% conversion at 160 ◦C, this being 20 ◦C
lower than the undoped one.

Liu et al. [27] reported the study of the effect of different temperature pretreatments and
atmospheres on the catalytic behavior of Ni catalysts for the dry reforming of methane. They observed
that materials treated in He compared with those treated in H2 achieved better yields. During the
pretreatment with He, a small fraction of Ni particles was reduced. However, a short period of
exposure to reactants was sufficient to achieve the formation of metallic Ni nanoparticles that are
particularly active under reaction conditions [27]. This phenomenon could explain the high activity of
the Ni/Ca(19.3)-SiO2 catalyst, even though a low proportion of surface metallic species was observed
after the reduction treatment.

Figure 7 shows the conversion of formic acid as a function of the reaction temperature for the
series of Ni catalysts. The light-off curves were made following the same procedure in all the samples.
After the reduction of the catalytic material, it was cooled in N2 flux to 60 ◦C, and then the reaction
mixture was fed with a concentration of HCOOH of 6% in N2. After the curve measured from 0% to
100% (1st evaluation—Figure 7), the temperature was lowered to leave it in isothermal conditions and
to measure the stability of the samples (Figure 8). After 16 h of reaction, the temperature was lowered
and the complete curve was again measured from 0% to 100% (2nd evaluation in Figure 7) of the light
off curve. The behavior throughout the conversion range shows the same tendency observed in Table 1.
The catalysts were relatively stable under the conditions tested, although it can be observed that the
points corresponding to the 2nd evaluation are below those obtained in the 1st, probably due to a
restructuring of the material at the temperature reached (160–180 ◦C) and with conversion values close
to 100%. In the Ca(19.3)-SiO2 catalyst, this behavior is less marked.
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Figure 7. Catalytic activity of Ni solids after reduction at 400 ◦C at different reaction temperatures.
The HCOOH conversions are plotted as function of the reaction temperature (W/F = 5 × 10−5 g·h·mL−1;
feed composition: 6% HCOOH/N2).

 

Figure 8. Stability test of the catalysts after reduction at 400 ◦C in the fixed-bed reactor. (Reaction
temperature = 145 ◦C, W/F = 5 × 10−5 g·h·mL−1, feed composition: 6% HCOOH/N2.)

The doping of K in Pd catalysts supported over SiO2, Al2O3, and activated carbon was previously
reported [28]. These authors observed a significant effect of improvement in the catalytic behavior of
noble metal for the formic acid decomposition. As a reaction mechanism, they proposed, as a first
step, the formation of a phase containing liquid formic acid condensed in the pores of the catalyst;
this phase provides a reservoir for the formation of formate ions with the participation of K+ ions that
later decompose to form CO2 and H2. In our materials, since the support is a nonporous material,
condensation of formic acid is not likely to occur in pores; however, formates could form in the alkaline
earth oxyhydroxide phase in the doped catalysts, with these species being the reaction intermediates.

3.3. Study of the Adsorbed Species Under Reaction Conditions: Temperature Programmed Surface Reaction and
FTIR Experiments

Temperature-programmed surface reaction (TPSR) experiments were carried out to try to
understand the differences in the catalytic performance. The catalysts were reduced before experiments
in hydrogen flow at 400 ◦C and were degassed in high vacuum at the same temperature. The adsorption
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was then performed using a pulse of 40 Torr of HCOOH at 40 ◦C. Once the gas phase was evacuated,
the evolution of the masses desorbed as a function of temperature was followed by mass spectroscopy.
The TPSR experiments for the Ni catalysts are shown in Figure 9. Among the detected gases are the
evolution of H2, CO2, CO, H2O, and HCOOH (m/z = 2, 44, 28, 18, and 29, respectively). At lower
temperature (<100 ◦C) the desorption of the unreacted HCOOH is observed, and, above 80 ◦C,
the decomposition process begins to produce H2 and CO2 and minority CO and H2O. It can be
observed that the undoped catalyst exhibits lower adsorption of HCOOH and, subsequently, lower
production of H2 and CO2. In all the samples, the molar ratio CO2/H2 produced was equimolar,
as corresponds to the decomposition of formic acid (Table 1). These values were calculated by
integrating the H2 and CO2 signals and taking into account the relative calibration of these gases.

There are two regions marked on the profiles: the first part corresponds to the decomposition
of formic acid (up to 180 ◦C), and the second part corresponds to the decomposition of surface or
mass species (formates, bicarbonates, and carbonates). The second part is closely related to the basic
component of the catalyst. These samples doped with Ca present the H2 and CO2 desorption at
a higher temperature. This could indicate greater stability of the species, for example, formate or
bicarbonate species, which store hydrogen.

 

Figure 9. Temperature-programmed surface-reaction profiles of Ni catalysts after 40 Torr pulse of
HCOOH at 40 ◦C.

3.4. Characterization of Used Catalysts

The FTIR spectra of the used Ni catalysts were analyzed (Figure 10). Figure 10a shows FTIR
spectrum of used Ni/SiO2 catalysts; the reduced one was included for comparison. It can be clearly
observed that the spectra are identical before and after the catalytic test, and the signals described
above are present. Figure 10b shows the spectrum of used Ni/Ca(19.3)-SiO2 catalysts; the reduced one
was included for comparison.
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Figure 10. Fourier transform infrared spectroscopy (FTIR) spectra of (a) reduced and used Ni/SiO2;
(b) reduced and used Ni/Ca(19.3)-SiO2; and (c) used Ni/Ca(X)-SiO2 catalysts.

For all the samples, the fingerprints of SiO2 at 475, 805, and 1115 cm−1 related to the Si-O-Si, Si-OH,
and Si-O bonds, respectively, are observed. The characteristic bands of surface monodentate carbonate
species at 1458 and 876 cm−1 are not present in the used Ni/Ca(19.3)-SiO2 catalyst. In addition to SiO2

bands, characteristic bands of formate species at 2877 and 1377 cm−1 are observed in the calcium doped
solids used in reaction (Figure 10b,c). These bands are very weak in the spectrum of Ca(3.4)-SiO2,
but they are more intense at high X values (Ca(19.3)-SiO2). The signal centered at 1645 cm−1 and the
shoulder at 1240 cm−1 revealed the presence of asymmetric C-O stretching a C-O-H bending modes,
respectively, of bicarbonate species [22,29]. For all the Ca-SiO2 supported catalysts, the presence of
formate and bicarbonate species in the catalysts after the reaction was confirmed by FTIR (Figure 10c)
and were consistent with TPSR experiments.

Figure 11 shows the diffractograms obtained for the used Ni/SiO2 and Ni/Ca-SiO2 catalysts.
The characteristic diffraction broad peak centered on 2θ = 23◦ confirmed the amorphous nature of
the SiO2 support. After reaction experiments, the diffraction patterns obtained for the Ca(X)-SiO2

supported catalysts exhibit reflections from CaO species centered at 15.8◦, 26.5◦, and 30.7◦ [11]. The used
Ni/Ca(19.3)-SiO2 catalyst, as well as the reduced one, present broad peaks assigned to Ni species,
indicating the presence of both metallic and oxidizes Ni particles. This result is consistent with those
observed through TPR and XPS experiments. For Ni/SiO2 catalyst, the peaks at 44.3◦, 51.7◦, and 76.2◦
are assigned to metallic Ni particles. Comparison with the fresh reduced samples (Figure 1) reveals
that, in the case of the Ni/SiO2 sample, the reflections corresponding to Ni0 became sharper, which
suggest that, in the absence of the Ca promoter, nickel is affected by the reaction conditions.

The TEM images of the undoped and doped Ca materials are shown in Figure 12. It can be
observed that the nickel particles are evenly distributed over the support.

The estimated particle size using around 300 particles was 8.9 and 4.8 nm for the undoped and
doped catalyst, respectively. The histogram of the Ni/SiO2 particles was modified during the catalytic
test, and the distribution and average particle size are doubled with respect to those of the reduced
sample. However, the doping with Ca modified the interaction of the metal with the support and the
Ni particles remained stable during the catalytic test (see histograms in Figure 12). These findings are
in agreement with the XRD results discussed above.
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Figure 11. X-ray diffractograms of used Ni/SiO2 and Ni/Ca(X)-SiO2 catalysts.

 

Figure 12. TEM images of used samples: (a) Ni/SiO2 and (b) Ni/Ca(19.3)-SiO2; the histograms
were included.

The stability in the average size of the nickel particles in the used Ni/Ca(19.3)-SiO2 catalyst could
explain the difference in the behavior of this material with respect to the others presenting an equal
performance in both catalytic tests (1st and 2nd evaluation in Figure 7). In addition, it can justify the
highest stability of this catalyst during the long-term experiments of this reaction (Figure 8).

Figure 13 shows the images obtained in the STEM mode and the EDX mapping of nickel (green),
calcium (red), and silicon (white) revealed that Ni and CaO particles are evenly distributed on SiO2

and coincide in occupying the same space on the support.

 
Figure 13. Selected area for the EDX mapping for used Ni/Ca(19.3)-SiO2 catalyst; mapping of nickel
(green), calcium (red), and silicon (white).

155



Nanomaterials 2019, 9, 1516

4. Conclusions

Ni catalysts supported on SiO2 and on Ca-SiO2 were synthesized. These materials were employed
in the formic acid decomposition reaction to produce hydrogen. On the catalytic system, calcium species
act as structural promoters by stabilizing the dispersed metallic phase against sintering. In addition,
this additive also acts as a chemical promoter by influencing the acid–base properties of support and
the interaction metal-support.

The XRD patterns for Ni/SiO2 and Ni/Ca(19.3)-SiO2 catalysts indicated the presence of metallic and
oxidized nickel particles after the reduction step at 400 ◦C. The reduction temperature increased with
the Ca loading. These results are consistent with those of the XPS and XRD experiments. The average
size of Ni particles was measured for the two samples, undoped and doped catalyst, being 5.1 and
4.8 nm, respectively. The incorporation of Ca did not modify the average size of the particles, but did
slightly modify the particle size distribution.

The Ni/SiO2 catalyst reached 50% of formic acid conversion at a temperature of 148 ◦C and 100%
at 180 ◦C, while the selectivity was 91% and 87%, respectively. For the catalysts supported on binary
systems, the selectivity was higher in all cases. It is important to note that the catalyst with the highest
Ca content (19.3 wt.%) reached 100% conversion at 160 ◦C, this being 20 ◦C lower than that of the
undoped one. The doping with Ca modified the interaction of the metal with the support and the
Ni particles remained stable during the catalytic test. However, for Ni/SiO2 catalyst the distribution
and average particle size are doubled during reaction with respect to those of the reduced sample.
The stability in the average size of the nickel particles in the used Ni/Ca(19.3)-SiO2 catalyst could
explain the difference in the behavior of this material to the others. Moreover, this catalyst was
relatively stable under the reaction conditions used, presenting an equal performance in two sequential
catalytic tests.

The TPRS experiments reveal that, at lower temperatures (<100 ◦C), the desorption of the unreacted
HCOOH is observed, and above 80 ◦C, the decomposition process begins to produce H2 and CO2

and minority CO and H2O. It can be observed that the undoped catalyst exhibits lower adsorption
of HCOOH and subsequent lower production of H2 and CO2. In the Ca-SiO2 supported catalysts,
the presence of formate and bicarbonate species in the catalysts after the reaction was confirmed by
FTIR and were consistent with TPSR experiments.
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Abstract: Nanostructured composite materials based on noble mono-(Pd) or bi-metallic (Ag/Pd)
particles supported on mixed iron oxides (II/III) with bulk magnetite structure (Fe3O4) have been
developed in order to assess their potential for heterogeneous catalysis applications in methane
partial oxidation. Advancing the direct transformation of methane into value-added chemicals is
consensually accepted as the key to ensuring sustainable development in the forthcoming future.
On the one hand, nanosized Fe3O4 particles with spherical morphology were synthesized by an
aqueous-based reflux method employing different Fe (II)/Fe (III) molar ratios (2 or 4) and reflux
temperatures (80, 95 or 110 ◦C). The solids obtained from a Fe (II)/Fe (III) nominal molar ratio of
4 showed higher specific surface areas which were also found to increase on lowering the reflux
temperature. The starting 80 m2 g−1 was enhanced up to 140 m2 g−1 for the resulting optimized
Fe3O4-based solid consisting of nanoparticles with a 15 nm average diameter. On the other hand,
Pd or Pd-Ag were incorporated post-synthesis, by impregnation on the highest surface Fe3O4

nanostructured substrate, using 1–3 wt.% metal load range and maintaining a constant Pd:Ag ratio of
8:2 in the bimetallic sample. The prepared nanocomposite materials were investigated by different
physicochemical techniques, such as X-ray diffraction, thermogravimetry (TG) in air or H2, as well as
several compositions and structural aspects using field emission scanning and scanning transmission
electron microscopy techniques coupled to energy-dispersive X-ray spectroscopy (EDS). Finally, the
catalytic results from a preliminary reactivity study confirmed the potential of magnetite-supported
(Ag)Pd catalysts for CH4 partial oxidation into formaldehyde, with low reaction rates, methane
conversion starting at 200 ◦C, far below temperatures reported in the literature up to now; and very
high selectivity to formaldehyde, above 95%, for Fe3O4 samples with 3 wt.% metal, either Pd or Pd-Ag.

Keywords: methane; oxidation catalysis; formaldehyde; magnetite iron oxide; Fe3O4; heterogeneous
catalysis; palladium; Pd; silver; Ag; low-temperature activity; nanocomposite; Raman; TG in air;
TG in hydrogen; XRD; electron microscopy; EDS

1. Introduction

Transformation of methane into valuable compounds is one of the hardest challenges in
petrochemistry. The large abundance of methane in natural gas and the recent discoveries of
new shale gas reserves around the world make methane functionalization even more interesting.
If partial oxidation of methane to compounds with high value, such as methanol and especially
formaldehyde, could take place with high efficiency, it could be competitive against the indirect process
in several steps from synthesis gas [1]. Unfortunately, no catalytic system has shown promising values
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neither regarding reaction rates nor selectivity at medium and high methane conversions. The main
drawback is related to the high stability of the methane molecule, which presents strong methyl C–H
bonds, which are not easy to activate. Thus, it is usual that this reaction takes place at high reaction
temperatures so that in those conditions the partial oxidation products are quickly oxidized into carbon
oxides. As in mild reaction conditions, the reaction rates are low, and in harder conditions the carbon
oxide formation is predominant; an intermediate trade-off working seems to be the best option [2].
In any case, the direct oxidation of methane into methanol, formaldehyde, and other oxygenated
products is still very far from being competitive for commercial implementation [2,3]. Among the
catalysts employed for direct oxidation of methane to formaldehyde using molecular oxygen, those
based on vanadium, molybdenum [4–7], and especially iron [3,8–17] have shown the most promising
performance. Nevertheless, the yield of formaldehyde reported with these catalysts does not exceed
5% [2,4,8,18–20], although higher yields can be found in the literature for other catalysts. A significant
example of this is the 14–17% yield of formaldehyde patented for Mo-based heteropoly acid catalysts
at 600–650 ◦C [8], never again mentioned, with CH4 conversions and formaldehyde selectivity within
the 20–23% and 65–84% ranges, respectively.

In the case of iron-based catalysts, bulk FePO4 systems and mainly iron supported on a range
of siliceous materials (standard silica, MCM-41, SBA-15, and others) have been studied in this
reaction [10,14–17,21]. Although it is accepted that iron sites must not be highly aggregated, otherwise
formaldehyde readily decomposes, there is not a wide consensus about the exact nature of the iron
active and selective species. It has been proposed that isolated tetrahedral Fe3+ sites are the most
selective sites [22] whereas other authors have suggested that Fe with higher aggregation (2D FeOx
oligonuclear sites) is more effective than isolated Fe3+ sites [16]. In any case, the reaction temperatures
employed in these articles exceed 400 ◦C and are often over 500 ◦C [3,8,12]. Interestingly, recent work
by Zhao et al. showed that iron species supported on different zeolites (ZSM-5, beta, and ferrierite)
activate methane at 350 ◦C using N2O as an oxidant, reaching methane conversions until 3%, with
the formation of different partial oxidation products (methanol, formaldehyde, dimethyl ether) but
also carbon oxides, obtaining up to 10% selectivity to formaldehyde [9]. It must be mentioned that the
transformation of methane at room temperature has also been studied but with no competitive results
or using reaction conditions not viable for commercial applications [23,24]. In this vein, the direct
transformation of methane into formaldehyde has been interestingly demonstrated to be possible at
room temperature using gaseous [Al2O3]+ clusters, although with low rates [25].

On the other hand, palladium catalysts are, together with platinum ones, usually employed in
the total oxidation of methane into carbon dioxide [26–29], a very much applied reaction from an
environmental viewpoint. Thus, palladium sites can activate methane at low temperatures and high
conversions can be easily reached, although the methane transformation is directed towards a total
combustion product of limited interest. These works mainly pay attention to the light-off curves in
order to see the temperatures required for all methane to be converted and to follow the stability with
the time on stream. However, due to the massive CO2 formation, no special interest has been paid to
see what takes place at low methane conversions.

Within this context, the aim of the current work is to rationally design and develop catalytic
systems with potential for the partial oxidation of methane at ambient pressure and relatively mild
reaction temperatures. For such a purpose, we have drawn inspiration from materials, chemical species,
and results, all known from the scientific literature as well as from our own experience. Moreover,
we kept the premises of using simple preparation methods and raw materials not especially expensive,
in order to develop a multifunctional catalyst which was not specifically reported for partial oxidation
of methane. Thus, Fe3O4-based nanostructures supporting, in turn, smaller Pd nanoparticles, were the
catalytic system selected and developed. To complement this, a systematic study on some synthesis
parameters in order to improve the surface area of the iron oxide substrate without using sophisticated
methods was successfully performed. An additional purpose was also to prove the use of Ag as
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a dopant to tune the high reactivity of Pd toward moderate catalytic behaviors rather than its usual
propensity for methane combustion [30,31].

The structural and elemental compositions, textural properties, morphology, and reactivity
against reduction and oxidation for the developed (Ag)Pd-Fe3O4 nanocomposites were investigated by
several physicochemical techniques, as well as their catalytic properties for methane partial oxidation
at temperatures not higher than 250 ◦C. Promising results were achieved from the preliminary
catalytic screening which will be discussed and contrasted with the characterization results throughout
the manuscript.

2. Materials and Methods

Nanostructured magnetite iron oxides were synthesized by the coprecipitation of the corresponding
iron hydroxide species formed in aqueous NH4OH medium, starting from the mixture of FeCl2·4H2O
and FeCl3·6H2O reagents dissolved in deionized water, according to the following reaction:

FeCl3 + FeCl2 + 8 NH4OH→ Fe3O4 + 8 NH4Cl + 4 H2O (1)

Magnetite-based solids differing in their specific surface areas were obtained using a nominal
Fe3+/Fe2+ molar ratio of 2 or 4, and different coprecipitation temperatures (within the 80–110 ◦C
range) in an inert atmosphere (N2) under reflux conditions. NH4OH was added at the corresponding
synthesis temperature to get the basic medium for the iron hydroxides coprecipitation. In all cases the
reflux temperature was maintained for 30 min. The precipitates were filtered, washed with deionized
water, and dried at 100 ◦C/12 h.

(Ag)Pd-Fe3O4 nanocomposite materials were prepared by an impregnation procedure of Pd or
Ag and Pd cations over the magnetite solid obtained by reflux at 80 ◦C with a nominal Fe3+/Fe2+ molar
ratio of 4. The impregnation was carried out using the proper amount of the corresponding metal
nitrate salt/s to get a metal load of 1, 2, or 3 wt.% Pd or 3 wt.% Ag-Pd. In the latter case, no sequential
method was followed but both metals were simultaneously incorporated, employing an Ag:Pd molar
ratio of 2:8. The impregnation procedure consisted of dissolving the Pd(NO3)2 and AgNO3 amounts
needed in acetone and adding the magnetite solid into the acetone metal solution which was kept
under stirring for 10 min, followed by an ultrasonication treatment for 30 min. This two-step cycle was
repeated 4 times for every sample in order to favor a homogeneous dispersion of the noble metal/s
over the magnetite. After the last cycle, the mixture was stirred at room temperature until the acetone
was completely evaporated. The magnetite solid containing Pd or Ag/Pd was dried at 100 ◦C/12 h,
and afterwards treated at 200 ◦C for 1 h, under a reducing gas stream consisting of an 80 mL min−1

total flow of H2/N2 (50/50), in order to selectively reduce the noble metal cations to their metallic state,
avoiding the reduction of iron from the magnetite which starts over 350 ◦C.

XRD patterns were collected using an X’Pert PRO diffractometer with θ–2θ configuration, from
PANalytical (Almelo, The Netherlands), equipped with an X’Celerator fast detector, operating at 45 kV
and 40 mA and using a nickel-filtered Cu Kα radiation source which produces a nearly monochromatic
X-ray beam (λ = 1.5406 nm). Diffractograms were obtained within the 4–90◦ 2θ range employing 20 s
cumulative time.

The specific surface areas were determined by the Brunauer–Emmett–Teller (BET) method from
N2 adsorption isotherms at 77 K measured in a Micromeritics ASAP2020 instrument (Norcross, GA,
USA). A desorption treatment at 150 ◦C (10 ◦C min−1 heating rate) for 5 h, at high vacuum range
conditions, was conducted for every sample just prior to the BET analysis.

The scanning electron microscopy analyses were performed employing a field emission scanning
electron microscope (FESEM; model GeminiSEM 500, ZEISS, Oberkochen, Germany). Two different
electron detection modes were used for FESEM imaging: (i) a secondary electron In-Lens detector,
located inside the electron column, which works with low-energy secondary electrons and provides
images with high resolution, and (ii) a energy selective backscattered (EsB) in-lens detector, independent
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of the secondary in-lens detector, which provides a pure backscattered signal with no secondary
electron contamination and very low acceleration potential, providing a higher Z-contrast image than
any other backscattered detector. Elemental chemical microanalyses in selected areas from the scanning
electron micrographs were carried out with an X-ray energy-dispersive detector (EDS) from Oxford
Instruments (Abingdon, UK), coupled with the FESEM microscope (ZEISS, Oberkochen, Germany).

A 200 kV analytical electron microscope equipped with a field emission electron gun (FEG;
model JEM-2100F, JEOL, Tokio, Japan) allowing ultrahigh resolution in scanning transmission mode
(STEM) through the sub-nanometric highly stable and bright electron probe (0.2 nm) provided by
the FEG, was employed for the high-angle annular dark-field (HAADF) imaging in STEM mode.
A high-resolution CCD (charge-coupled device) camera (2048 × 2048 pixels; model SC200, GATAN,
Pleasanton, CA, USA), was used for image acquisition controlled by Digital Micrograph software.
Image processing was performed by ImageJ free-software (Windows 10, 64-bit, version) [32]. The JEOL
JEM-2100F microscope was equipped with a detector for X-ray energy-dispersive spectroscopy (EDS;
model X-Max 80, Oxford Instruments, Abingdon, UK). The EDS detector, with 127 eV resolution and
0.5–2.4 nm spot size range, was used for elemental chemical analysis of punctual sites and selected
areas from the STEM imaging.

Selected samples were measured by confocal micro-Raman spectroscopy using a LabRam-IR
HR-800 model instrument (HORIBA Jobin Yvon, Edison, NJ, USA) coupled to an optical microscope
model Olympus BX41. Excitation was provided by a He-Ne laser operating at a wavelength of 632.8 nm
through a 100× objective lens, and with the laser power set to 0.6 mW, below the limit reported to
induce phase transformations in iron oxides [33–36]. The regular Raman spectra were collected within
the 100–1670 cm−1 region with 1 cm−1 spectral resolution, using an integration time of 8–16 s and
8–16 accumulations. In these conditions the lateral (xy) spatial resolution on the sample was 1 μm.
For a high-resolution spectral profile, the integration time and the number of accumulations were
increased to 32 s and 64, respectively, within a measuring region reduced to 320–777 cm−1.

Thermogravimetric analyses (TGA) were carried out in an SDT Q 600 apparatus (TA Instruments,
New Castle, DE, USA) under reducing (H2) or oxidizing (synthetic air) conditions. Prior to analysis,
samples were pre-treated at 150 ◦C for 1 h under a He stream (30 mL min−1 flow) which was maintained
thereafter during the cooling down to room temperature. Following this pre-treatment, and according
to the desired reducing or oxidizing experiment, the gas was switched from He to H2 (5 mL min−1 flow)
or synthetic air (24 mL min−1 flow), respectively. After the adequate stabilization time (ca. 30–40 min.),
the temperature was raised, at a 5 ◦C min−1 rate, to 200 ◦C; then until 800 ◦C using a different heating
rate of 10 ◦C min−1. The evolution of species (CO, CO2, H2O, O2, N2, and H2) in the gas phase produced
during the thermogravimetric experiments was followed with a quadrupole mass spectrometer (Pfeiffer
Vacuum Omnistar™ GSD 301, Asslar, Germany) coupled with the TGA equipment. For this purpose,
the following mass fragments (m/z) were measured: 2 (H2), 28 and 16 (CO), 44 (CO2), 18 and 17 (H2O),
32 and 16 (O2), 28 and 14 (N2).

The heterogeneous catalysis experiments for partial oxidation of methane were carried out in
a fixed-bed quartz tubular flow reactor at atmospheric pressure, within the 100–250 ◦C temperature
range, and using 100 mg of catalyst diluted with SiC (mg catalyst/SiC = 1

2 volume ratio). The feed
consisted of a molar ratio CH4/O2/N2 = 32/4/64, for a total flow of 50 mL min−1. The separation and
analysis of reactants and products were carried out online using a gas chromatograph equipped with
two different chromatographic columns (3 m length molecular sieve 5 Å column and 30 m length
RT-U-bond 0.53 mm i.d. column) and a thermal conductivity detector (TCD).

Blank reaction experiments up to 300 ◦C with no catalyst in the reactor tube showed no conversion
at all. In all cases, carbon balances were 100 ± 4%, irrespective of the catalyst and mass used. Each
data point for the assessment of catalytic performance was determined by averaging three different
analyses of reactants and products. The minor differences observed among the repetitive analyses
confirmed the steady-state conditions.
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3. Results

3.1. Development of Nanostructured Fe3O4 Materials

From the XRD patterns of the solids obtained by coprecipitation of the corresponding iron
hydroxides during the reflux syntheses at different temperatures and employing aqueous mixtures of
Fe2+ and Fe3+ chloride salts with Fe3+/Fe2+ molar ratio 2 or 4 (Figure 1), the presence of magnetite
structure as the main phase formed in all cases can be confirmed. Thus, diffraction peaks at 2θ =
30.2, 35.7, 43.4, 53.7, 57.3, and 62.9◦ are present, with a similar intensity ratio among all the samples,
according to the standard magnetite (Fe3O4) powder diffraction patterns previously reported [37–39].
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Figure 1. XRD patterns of magnetite solids prepared by coprecipitation employing a Fe3+/Fe2+ aqueous
molar ratio of 2 (a–c) or 4 (d–f), at different synthesis temperatures: 110 ◦C (a,d), 95 ◦C (b,e), or 80 ◦C
(c,f). Symbols: Fe3O4 (- - -), α-Fe2O3 (- · - · -).

It is important to point out that similar 2θ positions are found in powder XRD patterns of cubic
maghemite (γ-Fe2O3) which moreover presents a medium intensity 2θ peak at 32.17◦ among others of
lower intensity such as the ones at 15.0 and 23.8◦ [37–40]. The absence of those peaks confirms the
assignment of magnetite as the major phase present in every iron oxide synthesized (Figure 1). Without
limiting the foregoing, the XRD patterns of the solids prepared with a nominal Fe3+/Fe2+ molar ratio
of 4 show an additional low-intensity peak at ca. 33.1◦, which is not observed for those obtained
from a nominal Fe3+/Fe2+ molar ratio of 2. The 2θ peak at 33.1◦ can be assigned to the presence of
hematite (α-Fe2O3) as a minority phase since it appears as the highest relative intensity diffraction for
the main rhombohedral hematite ICSD (Inorganic Crystal Structure Database) references (01-079-0007,
00-024-0072, 01-072-0469, 01-085-0599). Indeed, the hematite content was found below 10% from
a semiquantitative analysis of the XRD data by X’Pert Highscore Plus software.

Despite this minor structural difference dependent on the nominal molar ratio used, a significant
variation was found in the specific surface areas of the prepared iron oxides (Table 1) which additionally
showed a dependence with the reflux temperature employed (varied from 80 to 110 ◦C). Thus, the BET
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surface area obtained for the Fe3O4 precipitates from the synthesis employing a nominal Fe3+/Fe2+

molar ratio of 4 was higher than those from a ratio of 2. For both ratios, the lower reflux temperature
induced a higher specific surface area (Table 1).

Table 1. Specific surface areas of magnetite solids precipitated at different reflux temperature and
nominal Fe3+/Fe2+ molar ratio.

Fe3+/Fe2+ Temperature (◦C) SBET (m2 g−1) 1

2 110 77.0
2 95 91.3
2 80 96.9
4 110 125.7
4 95 135.8
4 80 137.6

1 The standard deviation of ±0.2 m2 g−1 was estimated for the BET surface areas calculated from the N2
adsorption isotherms.

Therefore, the highest BET area (138 m2 g−1) was achieved for the magnetite solid prepared at
80 ◦C employing a nominal Fe3+/Fe2+ molar ratio of 4, which was selected as the support for the
following incorporation of Pd or Ag and Pd in order to prepare the target nanocomposite materials
that would be catalytically tested for methane partial oxidation.

From the analysis by field emission scanning electron microscopy (FESEM), a nanometric spherical
morphology was found for the crystalline Fe3O4 particles prepared. An example is displayed in
Figure 2 for the highest surface magnetite substrate selected to incorporate the noble metals in the next
step. The elemental chemical microanalyses by X-ray energy dispersive spectroscopy (EDS), from a
number of FESEM images showing similar homogeneous distribution of nanosized spherical particles,
including those in Figure 2, confirmed an averaged Fe:O stoichiometry of 3.0 (±0.3):4.1 (±0.3) consistent
with the magnetite Fe3O4 structure assigned from the powder XRD results (Figure 1). A representative
statistic study of the crystallite size distribution from the FESEM micrographs of the highest surface
magnetite, whose resulting histogram is displayed in Figure 2, illustrates an average Fe3O4 particle
diameter of 16.2 ± 3.2 nm.
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Figure 2. (a) Field emission scanning electron microscopy (FESEM) micrograph of magnetite solid
precipitated from a reflux synthesis at 80 ◦C using a nominal Fe3+/Fe2+ molar ratio of 4. Image
conditions: in-lens mode, work distance 2.7 mm, energy selective backscattered (EsB) grid of 300 V and
electron high tension (EHT) of 1 kV. (b) Statistic distribution of particle diameter from several FESEM
micrographs of the magnetite solid shown in (a).
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3.2. Development of Nanocomposite (Ag)Pd-Fe3O4 Materials

The incorporation of 1, 2, and 3 wt.% Pd, or 3 wt.% Ag-Pd (molar Ag:Pd ratio of 2:8) to the selected
magnetite substrate by impregnation and subsequent reduction treatment (250 ◦C/1 h under 50% H2

in N2 stream), gave rise to the nanostructured (Ag)Pd-Fe3O4 composite materials that were tested
as catalysts for methane partial oxidation. The XRD patterns of these nanocomposites are shown in
Figure 3. All display the 2θ peaks common to those found for the (Ag)Pd-free iron oxide substrate
(Figure 1f); i.e., the peaks’ set of 30.2, 35.7, 43.4, 53.7, 57.3, and 62.9◦ assigned to magnetite [37–39],
along with the one at 33.1◦ from traces of hematite (ICSD: 01-079-0007). However, low-intensity 2θ
peaks at 71.2 and 74.3◦ clearly appear for all the (Ag)Pd-containing magnetite samples (Figure 3).
These two peaks can also be glimpsed, to a greater or lesser extent, in some XRD patterns of the pristine
iron oxides synthesized from Figure 1, especially in those obtained from Fe3+/Fe2+ = 2 synthesis.
A thorough analysis, comparing some representative references for indexed XRD patterns of Fe3O4

structures, allows us to identify that the set of the given main six peaks assigned above to Fe3O4

structure is common for both the cubic (ICSD: 01-076-0957, 01-075-0449) and the orthorhombic (ICSD:
01-075-1609) crystal systems of magnetite. Nevertheless, the low-intensity 2θ peaks at 71.2 and 74.3◦
appear specifically characteristic of orthorhombic magnetite.
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Figure 3. XRD patterns of nanocomposite catalysts based on magnetite (from 85 ◦C synthesis using
Fe3+/Fe2+ molar ratio of 4) doped with Pd or Pd-Ag: 1% Pd-Fe3O4 (a), 2% Pd-Fe3O4 (b), 3% Pd-Fe3O4

(c), 3% AgPd-Fe3O4 (d). Symbols: (- - -) Fe3O4 (ICSD: 01-075-1609); the highlighted strip defines the
region where the highest intensity diffractions for pure Pd, pure Ag, and AgPd alloys are found [41–44].

Furthermore, semiquantitative analysis of the XRD data by X’Pert Highscore Plus software
confirmed the major presence of an orthorhombic Fe3O4 structure in all (Ag)Pd-Fe3O4 catalysts from
Figure 3. Only for 1% Pd-Fe3O4 and 3% AgPd-Fe3O4 samples did the semiquantitative phase analysis
provide a minor coexistence with the cubic Fe3O4 structure (ca. 10% and 20%, respectively).

On the other hand, an additional low-intensity peak at 2θ = 40.1◦ can be observed for the
3% Pd-Fe3O4 catalyst (Figure 3c), which corresponds to the (111) plane of metal Pd [41,42,44].
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This low-intensity peak turns into a small broadband within the 2θ range from 38.7 to 41.6◦ for the
bimetallic 3% AgPd-Fe3O4 sample. This band, along with the glimpsed wide bump centered at 45.5◦,
is in full agreement with previously reported XRD patterns of bimetallic AgPd alloys presenting fcc
crystalline structure [41–44], especially with those containing Ag:Pd molar ratio of 2:8 [42] or between
3:7 and 1:9 [41]. The main XRD diffraction of metal Pd is barely observed for the 2% Pd-Fe3O4 sample
and the region becomes totally flat for the 1% Pd-Fe3O4, which is coherent to the quantitative detection
limit (<2%) associated to the XRD technique for multiphase mixtures [45].

The monometallic Pd-Fe3O4 samples were investigated by field emission scanning electron
microscopy (FESEM) using an energy selective backscattered (EsB) electron in-lens detector which can
select the electrons according to their energy. Thus, the EsB detector is very sensitive to variations in
the atomic number (Z) of atoms, allowing Z-contrast images (i.e., brighter image appearance for atoms
with a higher Z), since the higher the atomic number the more electrons are scattered due to greater
electrostatic interactions between the nucleus and the microscope electron beam at high angles. Indeed,
Figure 4 shows Z-contrast micrographs for 1% Pd-, 2% Pd-, and 3% Pd-Fe3O4 samples, all with glaring
bright spots consistent with metal Pd clusters, over a matt grey matrix assigned to Fe3O4. Congruently,
a higher population density of these metal clusters is displayed as the nominal Pd load increases in the
magnetite (Figure 4).

The average diameter of the metal Pd clusters was statistically determined for each Pd-Fe3O4

specimen. By direct measurement using ImageJ software [32], over more than 150 shiny clusters from
several micrographs were acquired by EsB mode. Thus, the results in Table 2 show an average diameter
of 3.3 ± 1.2 nm for the Pd clusters in 1% Pd-Fe3O4 catalyst, which remains practically unchanged for 2%
Pd-Fe3O4, while it slightly increases to 4.4 ± 1.6 nm for the highest Pd load (i.e., 3% Pd-Fe3O4). It should
be mentioned that the EsB detector employed gives a higher Z-contrast than any other backscattered
detector, enabling differentiation between elements that are only distinguished by a few atoms.

Table 2. Characteristics of the metal nanoparticles (NPs) on the magnetite-based catalysts.

Catalyst
Metal Load

1 (wt.%)
Pd Load 1

(wt.%)
Pd:Ag 2 Pd:Ag

(SA-EDS)
Diam. Metal
NPs 4 (nm)

1% Pd-Fe3O4 1 1 1:0 - 3.3 ± 1.2
2% Pd-Fe3O4 2 2 1:0 - 3.4 ± 1.1
3% Pd-Fe3O4 3 3 1:0 - 4.4 ± 1.6

3% AgPd-Fe3O4 3 2.4 0.8:0.2 0.8:0.2 3 4.3 ± 1.2
1 Pd or Ag-Pd metal load nominally introduced by wet impregnation. 2 Atomic ratios employed for wet impregnation.
3 An averaged atomic ratio determined by chemical analysis (standard deviation = 0.1) of selected areas employing
X-ray energy-dispersive spectroscopy (SA-EDS) coupled to a 200 kV field emission analytical electron microscope
employing high-angle annular dark-field (HAADF) imaging in scanning transmission mode (STEM) mode. 4 The
average diameter of metal nanoparticles (± SD), measured by EsB detector in HRFESEM (1–3% Pd-Fe3O4) or
HAADF imaging in STEM (3% AgPd-Fe3O4).

For the bimetallic 3% AgPd-Fe3O4 sample, the Z-contrast microscopy studies were carried out
differently, employing high-angle annular dark-field (HAADF) imaging in scanning transmission
electron mode (STEM), using an analytical electron microscope equipped with a field emission electron
gun (FEG). In a similar way to the EsB detector from the high-resolution field emission scanning electron
microscopy (HRFESEM) instrument, the HAADF in STEM senses a greater signal from atoms with a
higher atomic number (i.e., causing the metal atoms to shine brighter in the resulting image). Indeed,
HAADF-STEM micrographs of 3% AgPd-Fe3O4, as the example displayed in Figure 5, show dull grey
spheres within the diameter range of 11–20 nm, accordingly with Fe3O4 nanospheres, underneath some
brighter and smaller metal particles with an average diameter of 4.3 nm (Table 2). The chemical analysis
pointed to these metal particles (Figure 5) using selected area X-ray energy-dispersive spectroscopy
(SA-EDS) with 0.5–2.4 nm spot size range (Table 2) and confirmed the coexistence of Ag and Pd with an
averaged Ag:Pd stoichiometry of 0.2:0.8 (±0.1), consistent with the Ag0.2Pd0.8 alloy structure observed
by XRD (Figure 3).
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Figure 4. Z-contrast micrographs obtained by high-resolution field emission scanning electron
microscopy (HRFESEM) using an energy selective backscattered (EsB) electron in-lens detector for the
Fe3O4-based catalysts doped with 1% Pd (a), 2% Pd (b), and 3% Pd (c).

 

Figure 5. HAADF-STEM micrograph of 3% AgPd-Fe3O4 sample, with SA-EDS analysis spots marked
and numbered: chemical analyses in brighter particles (1–5 spots) showed AgPd wt.% >12, with an
averaged Ag:Pd atomic ratio of 0.2:0.8 (0.1 SD), while in 6–10 spots AgPd wt.% <0.9.
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3.3. Catalytic Tests for Methane Partial Oxidation

The catalytic properties of the developed nanocomposite (Ag)Pd-Fe3O4 materials were tested in
gas phase heterogeneous catalysis for the partial oxidation of methane at moderate reaction conditions
(i.e., ambient pressure and temperatures up to 250 ◦C). Interestingly, using these mild conditions,
methane gets activated although with low reaction rates. The catalytic results, summarized in
Figure 6, show methane conversion at 200 ◦C for all the catalysts tested, leading to the formation of
formaldehyde as the main reaction product (>74%), with CO2 as the only secondary product detected.
In general, the bimetallic 3% AgPd-Fe3O4 catalyst shows a catalytic activity significantly higher than the
monometallic Pd-Fe3O4 catalysts; the latter ones presenting a maximum activity for the 2% Pd-Fe3O4

sample (Figure 6a). Therefore, no linear correlation is observed between the catalytic activity and the
formal content of Pd which could be initially considered as the major source of methane activation
at such a low temperature, according to the literature [30,31]. On the other hand, the selectivity to
formaldehyde rises with the increase in the Pd load, showing a maximum above 97% for both the
monometallic 3% Pd-Fe3O4 catalyst and the bimetallic 3% AgPd-Fe3O4 one at 200 ◦C (Figure 6b).
At 250 ◦C the methane conversion slightly increases, while the selectivity to the partial oxidation
product proportionally drops for all the monometallic Pd-Fe3O4 catalysts, with no absolute inverse
correlation between conversion and selectivity observed. On the contrary, the high selectivity to
formaldehyde hardly changes for the bimetallic 3% AgPd-Fe3O4 catalyst from 200 to 250 ◦C at which
a formaldehyde productivity of 43 gCH2O kgcat

−1 h−1 is reached with a turnover frequency (TOF) of
24.7 h−1 (reaction conditions are shown in the footnote of Figure 6).

Figure 6. Catalytic activity (a) and selectivity to formaldehyde (b) for methane partial oxidation over
the (Ag)Pd-Fe3O4 nanocomposite catalysts at 200 ◦C (light color bars) and 250 ◦C (dark color bars).
Reaction conditions: 100 mg catalyst mass, CH4/O2/He molar ratio of 32/4.3/63.7, and contact time (W/F,
at standard conditions) of 2.6 gcat. h molCH4

−1.

The pristine metal-free iron oxide substrate was comparatively tested for the partial methane
oxidation upon identical reaction conditions used in the (Ag)Pd-Fe3O4 nanocomposite catalysts,
detecting no methane conversion, likewise the blank results obtained no catalyst. Moreover, the catalytic
results were confirmed by testing twice, under equivalent reaction conditions, all the nanocomposite
catalysts displayed in Figure 6. The catalysts used in the first test were employed in a second catalytic
cycle showing no apparent change in their performance (i.e., similar catalytic activity and selectivity).

4. Discussion

According to the results presented, the experimental research of this work consisted of three basic
stages: (i) the development of a high surface nanostructured Fe3O4 substrate; (ii) its coating with noble
metal nanoparticles to form mono- or bi-metallic (Ag)Pd-Fe3O4 nanocomposites; (iii) to assess the
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potential of the noble-metal/iron-oxide nanocomposites developed as catalysts for gas-phase partial
oxidation of methane at ambient pressure and mild temperatures.

For the first stage, a reflux-assisted coprecipitation was the chosen method to carry out the
preparation of high surface optimized magnetite. In this sense, a systematic study is presented here on
the influence of both the reflux temperature (80–110 ◦C range) and the aqueous Fe3+/Fe2+ molar ratio
(2 or 4) in the specific surface area of the resulting magnetite precipitate. The data analysis confirmed
a higher Fe3O4 surface area is strongly favored for Fe3+/Fe2+ molar ratio of 4, rather than 2, in the
aqueous synthesis solution (Table 2). Regardless, the magnetite surface area was also observed to
increase as the reflux temperature was lowered within the 110–80 ◦C range, for both nominal ratios
assayed (Table 2). At this point, it should be mentioned that an aqueous Fe3+/Fe2+ molar ratio of
2, matching the Fe3O4 stoichiometry, has been traditionally employed in the coprecipitation-based
methods reported for magnetite preparation [37,46–49]. In fact, no peer-reviewed publication could be
found, with which to compare our results, that claimed the use of Fe3+/Fe2+ = 4 for Fe3O4 synthesis.
Nevertheless, the gain in the specific surface area achieved by the Fe3O4-based solid prepared by the
higher nominal Fe3+/Fe2+ ratio in synthesis (Table 2) is in good agreement with a size decrease reported
to be observed for Fe3O4 particles in suspension while increasing Fe3+/Fe2 ratios [49]. However,
along with this statement, in the first known work employing a coprecipitation method for magnetite
preparation, no numeric values for Fe3+/Fe2+ ratios larger than 2 are overtly mentioned.

Notwithstanding the excess of Fe3+ present in the synthesis media when using an Fe3+/Fe2+ ratio
of 4, compared with the Fe3O4 stoichiometry, the elemental and structural analyses of the higher
surface area precipitates are consistent with a major presence of the mixed iron oxide bulk phase
(just like the solids from stoichiometric Fe3+/Fe2+ ratio synthesis). On the one hand, an averaged Fe:O
stoichiometry of 3.0:4.1 (± 0.3), especially consistent with magnetite, was experimentally determined
by EDS microanalyses on nanospheres, with 16.2 nm average diameter (Figure 2), to make up the
ca. 140 m2·g−1 solid (Table 2). On the other hand, the 2θ peaks at 30.2, 35.7, 43.4, 53.7, 57.3, and
62.9◦ present in the corresponding XRD patterns (Figure 1d–f) are consistent with the (2 2 0), (3 1 1),
(4 0 0), (4 2 2), (5 1 1), and (4 4 0) planes of standard magnetite structure (Joint Committee on Powder
Diffraction Standards, JCPDS, file No.: 19-0629), respectively. These diffractions are also common to
the γ-Fe2O3 structure (JCPDS file No.: 04-0755) whose assignment as major bulk phase was discarded
by the absence of its additionally associated peaks from (210), (300), and (320) planes of crystalline
maghemite (γ-Fe2O3) [39]. Nevertheless, a minor presence of maghemite cannot be completely ruled
out. In fact, many studies claim that it is not straightforward to observe pure magnetite or maghemite,
but an intermediate defective structure, Fe3-xO4, between both [50–53]. This has been especially proven
for particles within the nanometric scale [52–56], for which a magnetite core with a maghemite shell
structure is widely reported [48,54–56]. For the most oxidized iron oxide layer, in the cited core-shell
structures, a varying thickness has been found depending on different factors such as the accurate
nanoparticle size [54] and/or the reactants used and other preparation conditions [48,57].

Due to the inherent short-range periodic order that maghemite would exhibit in such a scenario,
our XRD data would not be useful to directly reveal or deny its minor coexistence together with the
magnetite structure. In this respect, Raman spectroscopy was complementarily employed to analyze
some representative samples whose spectra are displayed in Figure 7. Thus, the Raman spectrum of the
highest surface Fe3O4-based substrate used to incorporate the noble metals (Figure 7, spectrum a1) does
not present a typical pure magnetite profile which is considered to be characterized by a single narrow
and intense band reported to be centered within the 660–700 cm−1 range, together with a weak one
between 534 and 560 cm−1 [33,34,58–63]. Instead, the Raman spectrum for the metal-free Fe3O4-based
substrate is mainly characterized by the features assigned to maghemite (γ-Fe2O3) in the scientific
literature [33,61–65]; i.e., a broad and intense asymmetric band from ca. 600 to 800 cm−1, assigned
to A1g vibrational mode, and two more bands also asymmetric but weaker: one with two maxima
reported to be centered at 345–365 cm−1 (Eg mode) and 380–395 cm−1, and another one centered at
505–515 cm−1 (T1g mode) [62,65,66]. In addition, two narrow peaks with relatively low intensity appear
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at 236 and 302 cm−1, matching with the strongest vibrational bands (A1g and Eg modes, respectively)
related to hematite [35,62–65], along with the broadband centered at 1320 cm−1 [35,67,68]. In this sense,
it must be said that Raman spectroscopy is extremely sensitive to the presence of hematite. Even traces
of hematite impurities contained within other major iron oxides (as it is known in our case from XRD
results) are able to provide narrow peaks with spurious intensity due to the large scattering power
for Raman radiation inherent to hematite [60], inducing wrong conclusions about its relative content
unless complementary characterization techniques are also employed.
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Figure 7. (a) Raman spectra of pristine Fe3O4-based substrate (a1), 3% Pd-Fe3O4 (a2), and 3%
AgPd-Fe3O4 (a3) nanocomposite catalysts, collected at 0.6 mW. (b) High-resolution Raman spectrum
and its second derivative by the Savitzky–Golay algorithm, using 81 convolution points of the
Fe3O4-based substrate submitted to identical reduction treatment (250 ◦C/2 h in H2) as the noble
metal-containing catalysts. Acronyms from (a): Mh (maghemite), H (hematite), and M (magnetite)
label the dotted lines according to the assignment ranges found in the literature (references at the
end of the footnote). Symbols from (b): numerical ranges together with the black and grey labels
define the regions where maxima have been reported in the literature for maghemite [33,61–65] and
magnetite [33,34,58–63].

Regarding maghemite, its strongest band is usually described as consisting of two components
whose maxima are reported within 645–665 cm−1 and 700–740 cm−1 ranges [48]. Additionally, a magnon
band centered at ca. 1440 cm−1 and two low-intensity peaks at 125 and 210 cm−1 are also typical of
maghemite structure [66,69]. Unfortunately, the characteristic Raman features linked to magnetite
(at ca. 547 and 680 cm−1) overlap with the three major bands cited for maghemite, which make difficult
unambiguous statements about magnetite just based on the Raman spectrum when maghemite is
present as well. A tool that might help to clarify this is the second derivative of the Raman spectrum.
For this purpose, a high-resolution Raman spectrum within the region of interest was collected for the
Fe3O4-based substrate, this time after being submitted to the same reduction treatment (250 ◦C/2 h
in H2) as the noble metal-containing samples. The spectrum obtained and its second derivative are
displayed in Figure 7b. Regardless of the higher resolution, the Raman spectrum is very similar to
that obtained from the pristine substrate within the same region (Figure 7a1) which leads to identical
conclusions. Nevertheless, the second derivative shows a resolved accurate position for the maxima
associated to the vibrational Raman modes among which it is possible to distinguish a maximum
within the 534–560 cm−1 region (Figure 7b), where no maximum but the one from a weak vibrational
mode of magnetite is reported [63,66].
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Therefore, Raman results represented by the spectra in Figure 7, provide unambiguous evidence for
the presence of maghemite. Unfortunately, further conclusions about either the structural configuration
or the phases distribution of the given iron oxide mixture cannot be done from Raman data, due to the
intimate overlapping between the main Raman band of magnetite and one of the strongest bands of
maghemite (Figure 7). Furthermore, the ultrathin maghemite layer derived from a minor magnetite
surface oxidation cannot be completely ruled out, although laser power was strictly kept far below
the limits reported for the laser-induced magnetite oxidation [33,34]. In this respect, transformation
into maghemite at temperature values as low as 109 ◦C has been reported for magnetite nanoparticles
presenting 13–16 nm diameters (i.e., within the range measured for our Fe3O4 substrate) (Figure 2).

Moving forward to the discussion from the second experimental stage, the incorporation of
noble metal nanoparticles to the magnetite-based substrate (the one with the highest surface area),
followed by the given selective reduction treatment, leads to the corresponding mono- or bi-metallic
(Ag)Pd-Fe3O4 nanocomposites (Table 2). Raman spectra of the representative catalysts 3% Pd-Fe3O4

and 3% AgPd-Fe3O4 are displayed as spectrum a2 and a3, respectively, in Figure 7a. These spectra
show meaningless differences for the mixed iron oxide vibrational features compared with the pristine
metal-free substrate, apart from the greater or lesser intensity of the narrow peaks at 236 and 302 cm−1

from the hematite impurity traces. Therefore, identical conclusions as those discussed above apply here.
With respect to the crystalline phases from the XRD results, new features appear for metal Pd

or AgPd alloy structures, along with those remaining from the Fe3O4 substrate (Figure 3). On the
other hand, no intensity is detected for the main diffraction of either metal Fe [70] or PdO [71–73]
at 44.7 and 33.9◦ 2θ, respectively, which is consistent with the selective and complete noble metal
reduction. The average diameter for the metal clusters was found to increase from ca. 3.3–3.4 nm
for 1% Pd- and 2% Pd-Fe3O4 samples, to ca. 4.3–4.4 nm for the 3% Pd- and 3% AgPd-Fe3O4 ones.
In the specific case of the bimetallic nanocomposite sample, the stoichiometry determined in the solid
by structural and elemental analysis (i.e., by XRD (Figure 3) and by SA-EDS from HAADF-STEM
imaging (Figure 5 and Table 2), respectively) was consistent with the nominal Ag:Pd stoichiometry
used (0.2:0.8) during the impregnation treatment. Although we did not employ surfactant or any
other sophisticated method to control the homogeneous size of the noble metal particles during
the incorporation treatment, the standard deviation determined for the size distribution of (Ag)Pd
nanoparticles on the magnetite-based substrate was acceptable (ca. 33%) in both mono- and bi-metallic
nanocomposite samples (Table 2).

Finally, with respect to the stage of catalytic reactivity evaluation, promising results were obtained
for the gas-phase methane partial oxidation into formaldehyde (Figure 6), for which the catalytic system
(Ag)Pd-Fe3O4 was never reported, to the best of our knowledge. The highest formaldehyde productivity
was shown by the 3% AgPd-Fe3O4 catalyst, yielding ca. 45 gCH2O kgcat

−1 h−1 with a turnover frequency
(TOF) of 24.7 h−1 (calculated for a 26% Pd dispersion) at 250 ◦C, far below the reaction temperatures
reported so far [8,12]. In this sense, oxidation of methane has been hardly reported to occur below
600 ◦C [8,10,12]. Thus, the catalytic data provided by most of the studies on methane selective oxidation
to formaldehyde correspond to reaction temperatures within the 600–800 ◦C range [8,12]. Ironically,
formaldehyde decomposing into methanol and carbon monoxide starts at temperatures above 150 ◦C,
although the kinetics for the uncatalyzed reaction is slow below 300 ◦C [74]. As a matter of fact,
450 ◦C appears as the lowest temperature reported so far, providing heterogeneous catalysis data of
formaldehyde yielded by methane oxidation using molecular oxygen [75]. Nonetheless, the use of
N2O as a more reactive oxygen donor has been reported to run methane partial oxidation at 350 ◦C
on several Fe-doped zeolites, although no selectivity to formaldehyde above 8% is claimed in that
work [9]. Instead, a dispersion of partial oxidation products (CH3OH, CH2O, and C2H4) with low total
selectivity was obtained, close to 40% in the best case [9]. On the contrary, selectivity to formaldehyde
above 95% is achieved at 200–250 ◦C with the 3% AgPd-Fe3O4 catalyst developed in the current work
(Figure 6). In addition to the major formation of formaldehyde, CO2 was the only byproduct obtained
in our catalytic tests for methane partial oxidation. No trace of methanol or CO was detected as
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byproducts, suggesting no formaldehyde decomposition. Moreover, reported pure radical mechanisms
for aldehyde formation via methanol intermediate and/or consecutive decomposition involving CO
formation, before or along with CO2 production [8], can be discarded as plausible mechanisms being
held on our (Ag)Pd-Fe3O4 catalysts. Instead, the so-called ion-radical mechanism, reported to involve
electron transfers from the catalyst lattice oxygens, appears the most consistent with our catalytic results.
Thus, this mechanism justifies the exclusive formation of formaldehyde and/or CO2, by single-electron
transfer from O– centers and/or two-electron transfer from O2

2– centers, respectively, both at the
catalyst surface [8]. The ion-radical mechanism has been reported for catalysts based on metal oxides
containing ambivalent metals that are able to easily change their oxidation states, such as MoO3 or
V2O5. As a matter of fact, these two oxides supported on SiO2 are the catalytic systems grabbing a
majority of studies concerning the oxidation of methane into formaldehyde [4–7]. Similarly, the cited
ambivalence is also present in the mixed iron oxide from magnetite, the major component in our
catalytic system. In fact, meaningful results in methane partial oxidation to formaldehyde have been
reported for several catalysts containing iron oxide species [3,8–14]. The most encouraging finding to
keep deploying resources in CH4 conversion technology is, indeed, nature’s iron-containing active
center located in the methane monooxygenase enzyme able to selectively transform CH4 into methanol,
formaldehyde, and formic acid at ambient conditions [76,77]. Moreover, along with Mo and V, Fe was
in the six elements list whose SiO2-supported oxides were concluded to be the most suitable active
phases for methane partial oxidation based on the screening of 43 elements [78]. However, no specific
mention to the use of Fe3O4 in methane direct conversion reactions has been found in the literature,
neither as an active phase nor support. With respect to the latter, in addition to SiO2, other high surface
substrates such as Al2O3, TiO2, SnO2, and zeolites are among the most used for supporting the active
phases for partial oxidation of methane.

Noble metals such as Pd or Pt have also been briefly studied as active phases for methane activation,
compared with transition metal oxides. Particularly, nanosized Pd has been reported to be highly
reactive at temperatures as low as 200 ◦C, although toward complete methane oxidation [79]. Despite
some interesting proposals for inhibiting the uncontrolled Pd activity leading to total combustion
products [12,79], noble metals were practically left out in research on methane partial oxidation. Within
this context, the nanocomposite material addressed in the current work, based on Fe3O4-supported
(Ag)Pd, appears as a relatively known system, but a novel type of catalyst for the methane direct
conversion into oxygenated partial oxidation products. The initial working hypothesis was to
comparatively incorporate Ag with the purpose to downgrade the expected overreactive nanostructured
Pd. In this regard, Ag was reported to selectively segregate at the surface of nanostructured Pd,
suppressing the sites with the strongest oxidizing reactivity [30,31]. Indeed, the highest catalytic
performance is achieved with the Fe3O4-based catalyst containing the bimetal AgPd alloy (Figure 6).
Thus, the results settle that Ag improves selectivity toward the partial oxidation product at higher
catalytic activity, which suggests confirmation of the working hypothesis about a softening effect
on Pd reactivity. However, in general, the catalysts consisting of pure Pd supported over Fe3O4

have surprisingly shown high formaldehyde selectivity as well, rather than the total combustion
products expected according to the published literature on Pd predisposition toward complete methane
oxidation [79]. Even more, the selectivity to formaldehyde rises with increasing Pd load (from 1 to
3 wt.%). Regarding the assessment of catalytic activity from the pristine Fe3O4-based substrate itself,
it could be dismissed by getting no conversion at all for the methane oxidation at identical reaction
conditions used for the (Ag)Pd-containing catalysts. The latter statements might suggest a kind of
synergy effect between Pd and the magnetite substrate. In this sense, by means of thermogravimetry
analyses under reducing or oxidizing conditions, a relationship was found between the redox properties
of the iron cations and the Pd content added to the mixed iron oxide. Thus, Figure 8b displays the
derivative of thermogravimetry curves (DTG) collected under a H2 stream (i.e., reducing conditions),
with the positive peak maximums in the graph representing the greatest rates for each weight loss
step which correspond to each dehydration accompanying a reduction. For the metal-free mixed iron
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oxide substrate, two separated reduction stages can be distinguished, namely, a small peak at low
temperatures and a large one at a higher temperature range, below and above 360 ◦C, respectively.
The first region between 200 and 360 ◦C corresponds to the reduction of minority pure Fe (III) oxides
to Fe3O4. This reduction is clearly comprised of at least two overlapped peaks with maxima at 284 ◦C
and 334 ◦C which, according to the reported literature [80], should correspond to the reduction of
maghemite (γ-Fe2O3) to Fe3O4 and hematite (α-Fe2O3) to Fe3O4, respectively. This assignment is
also consistent with the hematite impurity observed by XRD (Figure 1) and the homogeneous minor
presence of maghemite proved to coexist with magnetite by comparing Raman spectroscopy (Figure 7)
and XRD results (Figure 1). According to the following stoichiometry: 3Fe2O3 + H2 → 2Fe3O4 +

H2O; a Fe2O3 content (γ-Fe2O3 + α-Fe2O3) of ca. 2% was calculated from the weight loss within
the 200–360 ◦C region during thermogravimetry (TG) analysis in H2 of the metal-free Fe3O4-based
substrate (Figure 8a). On the other hand, the second region, from 360 ◦C to 550 ◦C, reflects major
reduction consisting of a two-step Fe3O4 reduction sequence to Fe0 through wüstite (FeO) intermediate
formation [81].
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Figure 8. Thermogravimetry analysis curves collected in H2 for the different (Ag)Pd-Fe3O4 catalysts
prepared and for the pristine metal-free Fe3O4 substrate (a), and their first derivative (b).

The Pd incorporation on Fe3O4 leads to nanocomposite materials presenting a reduction
temperature lower than the pristine magnetite-based substrate, either for the one-step reduction
from minority Fe2O3 phases to Fe3O4 or the two-step reduction from Fe3O4 to FeO and Fe0. Thus,
the reduction temperature for the minor Fe2O3 phases moves bellow 200 ◦C, in agreement with
previous publications employing Pd or other noble metals, such as Au, on Fe2O3 [80,82]. In Figure 8a,
it can be observed that the corresponding weight loss for (Ag)Pd-Fe3O4 catalysts starts already at
100 ◦C, while the beginning of the equivalent loss for the pristine substrate delays until 200 ◦C.

The derivative TG curve, within the major reduction region, is displayed in Figure 8b, where the
maximum of the major peaks correspond to the temperature for the maximum rate of Fe3O4 reduction
which decreases following the next trend: Fe3O4 (468 ◦C) > 1% Pd-Fe3O4 (412 ◦C) > 2% Pd-Fe3O4

(376 ◦C) > 3% Pd-Fe3O4 (370 ◦C) > 3% AgPd-Fe3O4 (358 ◦C). According to this sequence, the Fe3O4

reducibility seems to be enhanced as the Pd load increases (from 1 to 3 wt.%) in the monometallic
catalysts. Nevertheless, the tendency breaks for the 2.4 wt.% Pd load in the bimetallic 3% AgPd-Fe3O4

catalyst for which the doping with Ag forming the Ag0.2Pd0.8 alloy appears to favor the lowest
temperature for Fe3O4 reduction at 358 ◦C (i.e., the highest reducibility).

A thermogravimetry (TG) analysis under oxidizing conditions (dry air stream) was also performed
in three representative samples, in order to distinguish whether the effect on the redox properties of
iron species, observed by the drop in their reduction temperature, goes further than the spillover effect
of atomic hydrogen produced by catalyzed H2 dissociative adsorption on Pd [83,84]. Thus, Figure 9

173



Nanomaterials 2020, 10, 988

displays the first derivative of the TG curve collected under synthetic air flow for 3% Pd-Fe3O4 and 3%
AgPd-Fe3O4 catalysts, and their pristine Fe3O4 substrate. The first negative peaks observed in Figure 9
within the 150–200 ◦C range correspond to the maximum rate of weight gain produced by oxygen
insertion causing Fe2+ oxidation to Fe3+, for which the corresponding temperature, appearing at 164 ◦C
in the metal-free Fe3O4 increases in the noble metal-containing catalysts, especially in the bimetallic 3%
AgPd-Fe3O4 with the maximum at 191 ◦C. Therefore, the redox properties of iron species undergo
generalized changes induced by the Ag and/or Pd nanostructures supported, whereby the Fe3+ species
become easier to reduce (i.e., present higher oxidizing power), while the Fe2+ ones become harder
to oxidize. The strong correlation, existing between the trend in the change of the mixed iron oxide
redox properties and the increased productivity to formaldehyde, points to a significant metal–support
interaction that seems to be responsible for the tendency observed in the catalytic behavior of the
different nanocomposite catalysts.

100 200 300 400

0,0

D
er

iv
. (

%
/°

C
)

Temperature (°C)

172
164

191

Fe3O4

3% Pd-Fe3O4

3% AgPd-Fe3O4

Figure 9. The first derivative of the thermogravimetry (TG) curves collected under synthetic air flow
for the monometallic 3% Pd-Fe3O4 and the bimetallic 3% AgPd-Fe3O4 catalysts, as well as for the
pristine metal-free Fe3O4-based substrate.

5. Conclusions

From the systematic study on the synthesis of Fe3O4-based solid with an improved specific surface
area, an enhancement from 80 to 140 m2 g−1 was achieved by doubling the nominal Fe3+/Fe2+ ratio
from 2 to 4 and decreasing the synthesis temperature from 110 to 80 ◦C. (Ag)Pd-Fe3O4 nanocomposite
materials were developed through solvent-assisted (Ag)Pd impregnation on the Fe3O4-based substrate
with optimized surface area, followed by a selective reduction treatment. The resulting nanocomposites
can be defined as Pd metal or AgPd alloy nanoparticles with ca. 3.3–4.4 nm diameter supported on
Fe3O4-based nanoparticles of 16.2 nm average diameter. The coexistence of maghemite was proven by
Raman, although in a minor amount (<3 wt.%) according to XRD and TG results. Further research
must be done in order to establish the accurate structural configuration linking the major Fe3O4 and
the minor γ-Fe2O3 phases within the nanostructures developed.

Catalytic activity for methane conversion appears in all (Ag)Pd-Fe3O4 nanocomposite catalysts
tested, at temperatures as low as 200 ◦C. The reported propensity toward methane combustion by
nanostructured Pd has shown to be suppressed within the Pd-Fe3O4 nanocomposite systems (1–3 wt.%
Pd load), which present a major selectivity to formaldehyde. The higher Pd load, within the studied
range, increases the catalyst selectivity to formaldehyde which reaches above 95% for the catalysts
containing above 2 wt.% Pd. On the other hand, a correlation was also observed between the increased
Pd load and a gradually enhanced reducibility of the Fe3+ species in magnetite, which confirms
a significant metal–support interaction. This reducibility in the Fe3O4 phase improves even further
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with the Ag incorporation forming the Ag0.2Pd0.8 alloy. These results suggest that the iron oxide
substrate is most likely involved in the catalytic partial oxidation of methane into formaldehyde. This
assumption is also supported by the CO2 formation as the only secondary product which has been
reported to occur by the ion-radical mechanism involving electron transfers from the catalyst lattice
oxygens in catalysts containing oxides from ambivalent metals.

The nanocomposites have proven worthy for further research in gas-phase methane partial
oxidation at relatively low reaction temperatures, compared with those reported until now using other
catalysts. Forthcoming works will increase the low catalytic activity observed and shed more light on
the mechanisms, active sites involved, and the role of the metal–support interaction.
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