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1 Department of Chemical Engineering, University of Patras, GR-26504 Patras, Greece
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* Correspondence: geoba@chemeng.upatras.gr

1. Introduction
Continuously increasing energy demands and the intense environmental pollution

caused by the increasing global population and modern lifestyles have driven research
interest toward finding alternative sustainable energy sources [1]. These renewable energy
sources can be divided into primary and secondary energy sources depending on whether
the produced energy comes directly from a natural source, such as solar or wind energy, or
requires conversion into another form [2]. One of the most characteristic secondary energy
sources is hydrogen (H2), typically produced via water electrolysis or the reforming of
biomass [3–6]. Because of hydrogen’s high energy content, the reforming processes used
for various hydrocarbons obtained from non-renewable sources, such as natural gas, have
been extensively investigated over recent decades [7–10]. The significant development
of high-yield H2-fueled low-temperature fuel cells has contributed toward this research
direction [11]. The development of innovative catalytic systems for the aforementioned
hydrogen-related processes and their optimization has attracted the interest of the research
community. This Special Issue includes eight research articles, and two review papers
related to catalytic reforming processes for H2 production, highlighting the significance
of this secondary energy source of H2 in a fossil-fuel-free future. The detailed research
articles introduce potential readers to new insights and perspectives concerning catalytic
processes for hydrogen production, whereas the reviews summarize recent developments
in catalytic systems for reforming methanol and the synthesis and catalytic properties of
cobalt manganese oxide spinels typically applied in processes such as the production of
chemicals and fuels using the Fischer–Tropsch process.

2. Overview of Published Articles
The articles published in this Special Issue focus on advanced catalytic processes for

H2 production, including the dry reforming of methane (DRM), methanol steam reforming
(MSR), methanol aqueous-phase reforming (APR), and photocatalytic processes.

DRM is among the most promising technologies, utilizing both CH4 and CO2, i.e., the
two primary greenhouse gases, for syngas (CO+H2) production. One of the most significant
challenges hampering DRM applications is the severe carbon formation on the catalytic
surface, thus resulting in rapid catalytic deactivation. Henni et al. (contribution 8) studied
DRM over Ni-Ag catalytic systems and found that the addition of Ag stabilizes the Ni
phase, thus reducing carbon accumulation on the catalytic surface. A catalytic system
with a Ni/Ag ratio equal to 1 exhibited the highest performance for DRM reaction for

Catalysts 2025, 15, 332 https://doi.org/10.3390/catal15040332
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temperatures up to 650 ◦C. In similar work related to the development of active catalytic
systems for DRM, Elnour et al. (contribution 6) investigated the addition of Ga in Ni-
Ga/(Mg, Al)Ox catalytic systems. The catalyst with a Ga/Ni ratio equal to 0.3 exhibited the
highest catalytic activity and stability, suppressing carbon formation and, thus, facilitating
CO2 utilization. Trishch et al. (contribution 4) focused on the study of the conservatively
perturbed equilibrium (CPE) phenomenon, which can result in an increase in the produced
H2 and CO concentrations up to 39% and 49%, respectively, while reducing the required
reactor length to achieve equilibrium.

Regarding methanol reforming, some of the included research focuses on the APR
process. Sousa et al. (contribution 5) examined the performance of APR over Pt/Al2O3

catalytic systems. It was observed that an increase in pressure and methanol concentration
reduced catalytic activity, whereas the gradual deactivation of the applied catalyst was
attributed to the sintering and leaching of Pt crystallites as well as the phase change of
the alumina support to boehmite. Nguyen et al. (contribution 7) studied the effect of
the size of Pt nanoparticles and the nature of carbon support (various commercial carbon
supports, such as Vulcan XC72) on APR activity and stability. Platinum nanoparticles with
an average diameter of 1.5 nm, which were well dispersed on Ketjenblack carbon, were
found to exhibit a high hydrogen site time yield (8.92 min−1 at 220 ◦C) along with excellent
stability under high-temperature treatment conditions and multiple recycling cycles.

Photocatalytic hydrogen production is one of the most promising technologies for
the production of green energy through the utilization of solar radiation. Chang et al.
(contribution 1) studied the effect of the calcination-induced oxidation method for the syn-
thesis of cubic Cu2O/CuO nanomaterials on photocatalytic H2 production. The researchers
found that the formation of a Cu2O/CuO heterostructure improved light absorption while
increasing the separation capacity between electrons and holes, thus enhancing H2 pro-
duction (11.888 µmol h−1g−1). In another study, Chaudhary et al. (contribution 2) studied
the development and photocatalytic performance of La-doped MoS2 (La-MoS2) for the
hydrogen evolution reaction (HER). Doping with La resulted in a decrease in the band gap
of the material from 1.80 eV (MoS2) to 1.68 eV (La-MoS2), thus enhancing H2 production
(1670 µmol g−1).

A unique contribution to this Special Issue is the work of Valecillos et al. (contribution 3)
investigating bio-oil reformation via a combined steam and CO2 reforming (CSDR) process
that uses a Rh/ZDC catalyst, which initially exhibited high activity (yield of syngas equal
to 77% and H2/CO ratio equal to 1.2). However, the deactivation of the catalyst during
the reaction mainly affected methane conversion, while regeneration through carbon black
combustion was not able to fully restore activity due to structural changes in the support
(CeO2-ZrO2) and the formation of amorphous carbon black. The results indicated that
Rh/ZDC is an efficient catalyst for the conversion of bio-oil to syngas, although its limited
stability during regeneration is a critical obstacle for long-term applications.

The publication of the two review papers in this Special Issue significantly increases its
scientific impact. These reviews provide thorough investigations into recent developments
in catalytic systems for MSR (contribution 10) and Co- and Mn-based spinels applied in
various applications, such as volatile organic compound (VOC) degradation and Fischer–
Tropsch processes (contributor 9).

Béres et al.’s (contribution 9) review focuses on cobalt manganese oxide spinels
(CoxMn3−xO4, 0 < x < 3), typically applied in industrial applications, i.e., the CO oxi-
dation process, the removal of VOCs, and Fischer–Tropsch synthesis. The distribution
of Co/Mn ions in tetrahedral and octahedral sites of the spinel framework was found to
directly affect the catalytic properties, whereas the nature of the structure phases and the
synthesis conditions were strongly related to their chemical and redox properties.

2
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Zhang et al. (contribution 10), studying MSR, found that Cu-based catalysts, such as
Cu/ZnO/Al2O3, exhibited high activity but reduced stability due to Cu particle agglom-
eration. On the contrary, noble-metal-based catalysts (e.g., Pd/ZnO or Pt/In2O3/CeO2)
demonstrated lower CO production and higher resistance to poisoning, whereas novel
single-atom alloy catalysts (e.g., Pd-Cu system) appeared to be promising materials
for MSR.

3. Conclusions
The research and reviews published in this Special Issue entitled “Catalytic Reforming

and Hydrogen Production: From the Past to the Future” highlight significant advances in
the development of innovative catalytic systems and provide an in-depth understanding of
the insights into the various mechanisms of reaction.

Improvements in the catalytic stability of DRM catalysts, with a focus on the addition
of Ag and Ga in Ni-based systems to reduce the carbon accumulation on catalytic surfaces
and the utilization of the CPE phenomenon to optimize H2 and CO production, were
among the main challenges investigated in DRM-related work. The significance of Pt
nanoparticle size and the type of support for catalytic stability in methanol reforming was
underlined; moreover, the review highlighted the need for developing resilient Cu-based
and Pd-Cu single-atom alloy catalytic systems to increase the conversion of methanol to H2

while reducing byproducts.
Extremely intriguing were the results presented in the articles investigating the pho-

tocatalytic production of H2. Cu2O/CuO heterostructures and La-MoS2-doped materials
improve the separation capacity of electron–hole pairs and enhance photocatalytic per-
formance toward H2. Finally, despite the initial enhanced catalytic activity of Rh-based
catalysts for the production H2 via bio-oil reforming processes, the irreversible catalytic
deactivation caused by structural changes in the support, as well as intense carbon accu-
mulation on the surface, hampers its potential for larger-scale applications.

The papers included in this Special Issue contribute significantly to promoting inno-
vative solutions for sustainable H2 production. Novel catalytic systems with advanced
properties that consider resistance to carbon deposition or catalytic poisoning are thor-
oughly investigated, and important issues requiring immediate attention such as catalytic
deactivation are underscored. Future research efforts for H2 production technologies should
focus on (a) the development of nanostructured, multi-metallic, hybrid catalytic systems
that may be fine-tuned with respect to their surface structure and chemistry, characterized
by high activity, stability, and low cost; and (b) the detailed investigation of reaction kinetics
and mechanisms.
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Review on Synthesis and Catalytic Properties of Cobalt
Manganese Oxide Spinels (CoxMn3−xO4, 0 < x < 3)
Kende Attila Béres 1,2, Zoltán Homonnay 1,2 and László Kótai 1,*

1 HUN-REN Research Centre for Natural Sciences, Institute of Materials and Environmental Chemistry,
Magyar Tudósok krt. 2., H–1117 Budapest, Hungary; beres.kende.attila@ttk.hu (K.A.B.);
homonnay.zoltan@ttk.elte.hu (Z.H.)

2 Department of Analytical Chemistry, Institute of Chemistry, Faculty of Natural Sciences, ELTE Eötvös Loránd
University, Pázmány Péter s. 1/A, H–1117 Budapest, Hungary

* Correspondence: kotai.laszlo@ttk.hu

Abstract: The cobalt manganese oxides, especially the spinels and related (multiphase)
materials described with the formula CoxMn3−xO4 (0 < x < 3), are widely used catalysts in
a range of processes in significant industrial and environmental areas. The great diversity
in the phase relations, composition, and metal ion valences, together with ion and vacancy
site distribution variations, results in great variety and activity as catalysts in various
industrially important redox processes such as the removal of CO or volatile organic
substances (VOCs) from the air and oxidative destruction of pollutants such as dyes and
pharmaceuticals from wastewater using peroxides. These mixed oxides can gain application
in the selective oxidation of organic molecules like 5-hydroxyfurfural or aromatic alcohols
such as vanillyl alcohol or in the production of fuels and other valuable chemicals (alcohols,
esters) with the Fischer–Tropsch method. In this review, we summarize these redox-based
reactions in light of the chemical and phase composition of the catalysts with the formula
CoxMn3−xO4 with 0 < x < 3.

Keywords: cobalt manganese oxide spinels; Fischer–Tropsch synthesis; carbon monoxide
oxidation; VOCs removal; advanced oxidation processes; degradation of dyes and
pharmaceuticals; oxygen evolution and reduction reactions; 2,5-diformylfuran; vanillin;
oxidation of alcohols

1. Introduction
The enormous importance of cobalt manganese oxides, especially that of the cobalt

manganese oxide spinels and related (multiphase) materials described with the formula
CoxMn3−xO4, is evident from both the fundamental and industrial application points of
view. The great diversity in the phase composition, the distribution of metal ion and
vacancy sites, and the metal ion valences results in various chemical, electrochemical,
and catalytic properties. The development of electrodes containing cobalt manganese
oxides for lithium [1,2] or sodium batteries [3] and supercapacitors [4,5] is in the focus of
current interest.

Cobalt and manganese oxide-containing materials are widely used in various engi-
neering fields, including chemical, environmental, and energy technologies [6]. These
belong to the science and engineering of batteries [7], supercapacitors, sensors [8,9], protec-
tive coatings on metals or solid oxide fuel cells [10,11], the removal of mercury and other
poisonous materials [12] from wastewater, etc. The main electrochemical characteristics of
cobalt manganese oxides have been reviewed in detail [1,13–17]; however, their catalytic

Catalysts 2025, 15, 82 https://doi.org/10.3390/catal15010082
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performance, with a special focus on how it depends on the synthesis conditions, has not
yet been comprehensively summarized.

The cobalt manganese oxide-based materials, especially the CoxMn3−xO4 spinels, the
composition of which may vary from chemically pure Mn3O4 (x = 0) to Co3O4 (x = 3), are fre-
quently used catalysts in processes of the chemical and environmental industries such as the
removal of volatile organic materials (VOCs) [18–21], ammonia-SCR reactions with nitrogen
oxides [22], selective oxidation of aromatic and non-aromatic alcohols [20,23], and oxidation
or reduction of carbon monoxide [24], including the Fischer–Tropsch synthesis [25–30].
The electrochemical oxygen reduction [31], advanced oxidation processes (AOPs) with
peroxides [32–35] and ozone [36], green hydrogen production [37], as well as solid oxide
fuel cell processes also belong to the cobalt manganese oxide spinel-catalyzed processes [30].
The most important compounds in these processes, such as CoMn2O4, Co1.5Mn1.5O4, and
Co2MnO4, as well as the solid solutions of CoxMn3−xO4 spinels (0 < x < 3) and various com-
posites with inhomogeneous phase distribution have also been studied. Several important
properties of these compounds may be attributed to structural stress at phase boundaries.

The composition and phase relations of CoxMn3−xO4 components in the cobalt man-
ganese oxide-based catalysts depend on the synthesis conditions, precursors, and catalytic
reaction conditions, including the oxidative/reductive nature of the atmosphere and re-
actants. The re-distribution of the same ions between the tetrahedral (A) and octahedral
(B) lattice sites [38] has an elementary effect on the band gap and the catalytic properties.
Some examples are given in Table 1 about distributions of valence states and metal ions
between spinel sites A and B depending on the synthesis method.

Table 1. Summary of the different synthesis modes applied for the different compositions of Co-Mn
oxides catalysts.

References Refs. Synthesis
Method Composition

Wickham and Croft et al. [39] Solid phase reaction,
heating of oxides at 900 ◦C

Co2+
xMn2+

1−x[Mn3+
2]O4

for 0 < x < 1

Aoki et al. [38] Wet method, heating of
nitrates at 1200 ◦C

Co2+
x[Mn2+

x−1Mn3+
3-x]O4

for 1.8 < x < 3

Boucher et al. [40] Solid phase reaction,
heating of oxides at 900 ◦C Co2+[Co2+Mn4+]O4

Yamamoto et al. [41] Wet method, heating of
hydroxides at 1000 ◦C Mn0.25Co0.75[Mn0.75Co1.25]O4

Jabry et al. [42] Wet method, heating of
oxalates at 1350 ◦C

Co2+[Mn3+
2−2uMn4+

uCo2+
u]O4

when u = x−1 and 1 < x < 2

Cobalt manganese oxide spinels are generally metal-deficient [43–45] due to the pos-
sible presence of high metal ion valences (e.g., MnIV). For example, a change of in the
CoMn2O4 structure from CoII,III[MnII–IV

2O4] to MnII–IV[CoII,IIIMnII–IVO4] (metal exchange
and electron hopping) [46,47] decreases the bandgap to one-third of its original value [48].
In this paper, instead of the real CoxMn3−xO4 + δ (δ ≤ 0) (or Cox−�AMn3−x−�BO4 with
0 < x < 3, �A and �B are the tetrahedral and octahedral vacancies, respectively) formu-
las, these cobalt manganese oxide spinels are given with their simplified formula as
CoxMn3−xO4 (0 < x < 3).

Thus, in this review, we summarize the influence of the preparation conditions and
the phase and chemical composition on the catalytic properties of CoxMn3−xO4 spinels
with 0 < x < 3.
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2. Main Preparation Routes and Properties of CoxMn3−xO4
(0 < x < 3) Spinels

Co3O4 and Mn3O4 are cubic and distorted (Jahn–Teller effect) tetragonal spinels,
with CoII or MnII ions in the tetrahedral (A) and CoIII and MnIII ions in the octahedral
(B) sites, respectively. The cubic Mn3O4 exists only above 1473 K [49]. The existence
of mixed spinels derived from Co3O4-and Mn3O4 in the Co-Mn-O phase diagram was
studied first by Aoki et al. [38] with high-temperature X-ray diffraction and resistivity
measurement methods for the full range of CoxMn3−xO4 (0 ≤ x ≤ 3) solid solutions [38].
They found thermal hysteresis and a tetragonal-to-cubic phase transition. The hysteresis
loops were observed at the temperatures where cubic-to-tetragonal transitions were found,
and this temperature of the cubic spinel phase formation strongly depended on the cobalt
content, especially over 50 w%. The increase in cobalt concentration of the spinel phase
is carried out by increasing the manganese content on the B sites of the spinel lattice and,
accordingly, decreasing the lattice constants [50], and a similar effect was observed by
Bulavchenko et al. [51].

Thermogravimetric studies on the Co–Mn–O system between 500 and 2000 K also
showed cobalt-rich spinel (cubic) and manganese-rich tetragonal phases in the entire
composition of the Co3O4-Mn3O4 subsystem [50], as was also found by Golikov et al. [52]
(0 ≤ x ≤ 3, ∆x = 0.5, T = 1000–1623 K) (Figure 1). The same results were found for the
phase relations of the Co-Mn-O system with XRD between 1070 and 1570 K in air by
Chaly et al. [53]. Golikov et al. [54,55] used high-temperature XRD (675–1623 K) for Co-
Mn-O samples synthesized in a solid-state reaction and constructed a semiquantitative T–x
phase diagram in air [56].
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Vidales et al. studied the CoxMn3-xO4 (1 ≤ x ≤ 3) solid solutions prepared from
the appropriate divalent metal chlorides and butylamine with heat treatments between
473 and 1273 K using the PXRD method. They found two different kinds of spinel-type
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solid solutions: a cubic (Fd3m) spinel-type when x ≤ 1.4, a tetragonal (I41/amd) single
phase when 2.0 ≤ x ≤ 3.0 and also the same tetragonal single phase when 1.4 ≤ x ≤ 2.0
after quenching from 1000 ◦C [57]. The phases formed at a given temperature and x-value
are summarized in Table 2 [57].

Table 2. The identified phases and distortion parameters c/a’ for CoxMn3-xO4 (1.4 ≤ x ≤ 2.6) solid
solutions between 200 and 1000 ◦C (reproduced from ref. [57]).

x 1.4 1.6 2.0 2.6

T [◦C] Phase
Identified

Phase
Identified

Phase
Identified c/a’ Phase

Identified c/a’

200 C T + R T 1.125 T 1.154
300 C T + R T 1.131 T 1.150
400 C T T 1.138 T 1.152
500 C T + C T 1.140 T + B(8%) 1.153
600 C T + C T 1.143 T + B(88%) 1.148
700 C T + C T 1.145 T + B(88%) 1.148
800 C T + C T 1.146 T + B(82%) 1.152
900 C T + C T 1.144 T 1.155

1000 C T + C T 1.139 T 1.155

The main preparation methods of cobalt manganese oxides can be divided into several
groups depending on the synthesis methods of intermediates that are calcined to form
the spinel phases. Solid phase syntheses may start from Mn3O4-Co3O4 mixtures, oxida-
tion of metals or lower valence oxides/compounds, and even by reduction of cobalt(III)
permanganate complexes with their own reducing ligands such as ammonia. Intermedi-
ate compounds such as hydroxides, carbonates, oxalates, basic salts, and others may be
prepared with sol-gel and other methods, with or without solvothermal or hydrothermal
treatment, before the controlled heat treatment.

The structure of CoMn2O4 is shown in Figure 2. When the cobalt to manganese
ratio is changed (CoxMn3−xO4 (0 ≤ x ≤ 3)), the cell parameters are also changed, but the
structure of the spinel phase is not altered drastically, only the exchange of the cobalt to
manganese or Mn to Co takes place. The electronic structure of the CoxMn3−xO4 (0≤ x≤ 3)
spinels, however, is sensitively dependent on the cobalt to manganese ratio. The bandgap,
which is in a strong relationship with the presence of the high-spin or low-spin state, as
well as with the structural distortions at the tetrahedral and octahedral sites, is one of the
most important parameters having a significant effect on the catalytic properties [58]. For
example, Yuval et al. [48] studied the electronic structure of this spinel with x = 1 in normal
and inverse structures. The bandgap was reduced from 1.194 to 0.327 eV by exchanging half
of the manganese cations at the octahedral sites with cobalt cations from the tetrahedral sites
(CoMn2O4 →[Mn(CoMn)]O4) [48]. The electron configuration determination, however,
is not easy because of the averaged oxidation states of Mn due to the electron hopping
between the MnIV and MnIII [59]. Additionally, the synthesis routes have enormous effects
on the crystal and electron structure [48]; therefore, this paper focuses on these details.
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2.1. Solid Phase Syntheses

In ref. [47], a mixture of cobalt and manganese oxides, Mn3O4 and Co3O4, was dis-
persed in 10% poly(vinyl alcohol) (PVA) solution and spray-dried with subsequent heating
to 873 K for an hour and then sintered at 1473 K for 8 h in a furnace. With the use of air
as an oxidant, the CoxMn3−xO4 spinels were prepared by heating a mixture of MnO and
Co3O4 [61]. As a manganese source, aqueous manganese(II) nitrate solution was used to
impregnate solid Co3O4 powder at 35 ◦C for 2 h with subsequent heating at 200 ◦C for
3 h [25]. Cobalt(II) nitrate and manganese(II) acetate solutions were used to impregnate
TiO2 support with subsequent calcination [26]. Cobalt(II) and manganese(II) acetate so-
lutions were adsorbed on a carbon carrier, whereas cobalt(II) and manganese(II) nitrate
salts were used to impregnate carbon nanotubes with drying at 60 ◦C, with heating at
500 ◦C for 2 h [62] or pyrolyzing at 360 ◦C for 2 h [30]. Drop casting of cobalt(II) and
manganese(II) nitrate solutions on Pt/Ti9 fiber carrier was used with heating at 300 ◦C
for 12 h [63]. Cobalt-impregnated zeolites were reacted with 2-methylimidazole, and after
wetting with manganese(II) nitrate and heating at 500 ◦C for 2 h, CoxMn3−xO4 spinels were
obtained [64].

The oxidation of Co-Mn alloys on ferritic stainless-steel surfaces in an oxygen atmo-
sphere at 800 ◦C in 4 h [65] or the oxidation of bulk alloys with various compositions up to
23.0% Mn content between 1273–1474 K and 10–105 Pa oxygen pressure were performed.
The (Co,Mn)3O4 phases were identified as an intermittent layer on a (Co,Mn)O core in pure
form and as a co-phase in the outer part together with (Co,Mn)O [66].

The decreasing of the oxidation numbers of metals in complex compounds (CoIII and
MnVII) containing reducing ligands (coordinated ammonia) and permanganate anion in
a solid-phase thermal decomposition process is a relatively new possibility [44,45,67–69].
The Mn to Co ratio can be controlled with the selection of the anions, e.g., Mn to Co
ratios 1:1, 1:2, and 1:3 were made available with the use of [Co(NH3)4CO3]MnO4.H2O and
[Co(NH3)6]Cl2MnO4 precursors, [Co(NH3)5Cl](MnO4)2 and [Co(NH3)6][KCl2(MnO4)2]
precursors, and [Co(NH3)6](MnO4)3 precursor, respectively [44,45,68,69]. The thermal
decomposition process can be controlled using a low-boiling point oxidation-resistant
organic solvent like toluene, whose boiling point is close to the thermal decomposition
temperature of these compounds. The evaporation heat of the boiling solvents absorbs the
decomposition reaction heat. Thus, amorphous intermediates are formed, which can be
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further heated under controlled conditions to prepare nanosized (2–50 nm) mixed cobalt
manganese oxide spinels (Figure 3).
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The aqueous leaching of manganese-free cobalt-containing intermediates such as
water-soluble [Co(NH3)5Cl]Cl2 formed in the first step of the solid phase thermal decom-
position resulted in a phase that was more Mn-rich, as expected based on the initial Co to
Mn stoichiometry 1:2 of the starting compound. It gives a new possibility for tuning the
Co to Mn ratio in the CoxMn3−xO4 compounds. The distribution of cations between T-4
(tetrahedral) and OC-6 (octahedral) (A and B, respectively) sites depends on the precursors
and synthesis conditions [44,45,68,69].

2.2. Sol-Gel Synthesis from Divalent Metal Salts and Alkali Hydroxides, Ammonia, or
Ammonia Precursors

The sol-gel syntheses were performed through the formation of cobalt and manganese
hydroxides or other insoluble salts, such as carbonates and oxalates, using some soluble
cobalt and manganese salts (chloride, nitrate, acetate, sulfate), with the use of alkaline ma-
terials like NaOH, KOH, ammonia, or ammonia precursors such as urea, alkali carbonates,
hydrogen carbonates, or oxalates [70].

Using alkali hydroxides such as NaOH or KOH is the simplest way to prepare hy-
droxides because neither cobalt(II) nor manganese(II) hydroxides are soluble in the excess
alkali hydroxide. Tessonier and coworkers synthesized Co-Mn oxide spinels as catalysts
for carbon MWNT synthesis from the nitrates of manganese(II) and cobalt(II) using sodium
hydroxide at pH = 10 [71]. The precipitate was dried in air at 180 ◦C for 5 h and calcined at
400 ◦C for 4 h to decompose it into the corresponding spinel-type mixed oxide [71]. The
CoxMn3−xO4 spinels were also prepared from these nitrate salts with aqueous NaOH at
90 ◦C for 2 h with subsequent calcination at 250 ◦C for 2 h [72]. The use of potassium
hydroxide at 60 ◦C resulted in the x = 1 spinel after calcination at 300 ◦C for 3 h [73].

Cobalt(II) and manganese(II) acetate solutions mixed in various ratios were reacted
with aqueous ammonia solution to adjust the pH to 10, and after stirring for 2 h, the
hydroxides were aged overnight at room temperature. The dried precipitate was calcined
at 400 ◦C for 4 h [74]. In the presence of glycerol, the ammonia-derived gel was combusted
and calcined at 1073 ◦C for 16 h in order to obtain spinels [75]. Using the same acetate salts
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but hydrothermal conditions for a Co to Mn ratio 1:2 at 140 ◦C for 20 h [31] or at 150 ◦C
for 3 h [76] resulted in the formation of MnCo2O4. Hydrothermal treatment in aqueous
ethylene glycol in the presence of ammonia (pH = 10) at 180 ◦C for 78 h, with subsequent
calcination on glass at 550 ◦C for 2 h, resulted in CoxMn3−xO4 spinels [77]. The nitrate
salts are also good precursors in the ammoniacal neutralization process. With the use of
aqueous ammonia at 60 ◦C and after 24 h, the precipitate was calcined at 500 ◦C for 6 h [78],
or in the presence of reduced graphene oxide (rGO) or activated carbon with subsequent
calcination at 350 ◦C for 4 h and at 500 ◦C for 5 h [29] resulted in spinels [20].

The hydrothermal conditions ensure hydrolysis of urea; thus, the cobalt(II) and man-
ganese(II) chloride salts could be transformed into spinels with aqueous urea as ammonia
precursor by treatment at 200 ◦C for 12 h [79] or at 120 ◦C for 6 h [80], with subsequent
calcination at 400 ◦C for 5 h on a platinized titanium mesh [79] or at 400 ◦C for 2 h in
the pure form [80]. Cobalt(II) nitrate and manganese(II) acetate in a molar ratio of 4:5 at
90 ◦C turned into a precipitate with urea that was heated at 500 ◦C and resulted in cobalt
manganese spinel oxide [81]. Hydrothermal treatment of a 1:1 mixture of the appropriate
nitrate salts with urea at 175–190 ◦C using microwave heating to initiate the ignition also
resulted in spinels [24]. Spinels formed when these nitrate salts and urea were subjected
to hydrothermal treatment at 130 ◦C for 12 h in the presence of NH4F, with subsequent
calcination at 350 ◦C for 4 h on IrO2 [82].

2.3. Sol-Gel Synthesis from Divalent Metal Salts and Alkali or Ammonium Carbonates/Oxalates

The basic cobalt(II) and manganese(II) carbonates were precipitated from the ap-
propriate chloride salts with sodium carbonate at pH = 9 with stirring at 30–40 ◦C for
1 h [70], which were later calcined into the appropriate CoxMn3−xO4 spinels. The nitrate
salts mixed in various ratios were reacted with sodium carbonate at 30 ◦C, aged for 2 h,
then calcined at 330 ◦C for 3 h [25], whereas the appropriate acetate salts with an Mn
to Co ratio of 1:2 in ethylene glycol under solvothermal conditions at 160 ◦C [83] and
heat treatment at 450 ◦C for 4 h resulted in MnCo2O4. A mixture of cobalt(II) nitrate and
manganese(II) acetate was reacted in a 5:1 molar ratio with ammonium carbonate at 40 ◦C
for 6 h, followed by calcination at 400 ◦C for 4 h [84]. The appropriate chloride salts, in
the presence of PAA (Mw = 2.5 × 104), were also reacted with ammonium carbonate, and
the precipitate was heated at 400 ◦C in air for 3 h [85]. Over the hydroxide carbonate
precipitating agents, their mixture and NaHCO3 can also be used. The cobalt(II) and man-
ganese(II) nitrates were reacted with a mixture of sodium carbonate and sodium hydroxide
(pH = 10) at room temperature and subsequently calcined at different temperatures up to
1100 ◦C [86]. Sodium hydrogen carbonate was used to prepare Co1.5Mn1.5O4 from nitrate
salts in aqueous solution with 24 h stirring and subsequent calcination at 600 ◦C for 2 h [87].

Cobalt(II) and manganese(II) oxalate mixtures were precipitated from the appropriate
acetate salts in ethanol at 80 ◦C; then, the precipitates were heated at 400 ◦C for 3 h [88].
A hydrothermal method was also developed to prepare the CoxMn3−xO4 spinels from
cobalt and manganese oxalate mixtures (x = 1.5) in aqueous ethylene glycol at 140 ◦C, with
subsequent heating at 450 ◦C for 2 h [22]. The presence of polyvinylpyrrolidone at 170 or
160 ◦C for 1 or 6 h with 500 ◦C heat temperature for 4 h resulted in x = 1.0 spinels [89].
Ultrasonic impregnation of oxalates in a 1:2 molar ratio (x = 1) in aqueous solution at
100 ◦C on honeycomb ceramics with subsequent heating at 500 ◦C for 4 h also resulted
in spinels [18]. The trituration of cobalt(II) and manganese(II) oxalate mixtures with 25%
aqueous ammonia with subsequent heating at 400 ◦C for 2 h gave a spinel that was possible
to load ultrasonically on activated carbon [90].

11



Catalysts 2025, 15, 82

2.4. Solution Phase Redox, Hydro/Solvothermal Decomposition, Pyrolysis, and Other Reactions for
the Synthesis of CoxMn3−xO4 Spinels

Under hydrothermal or solvothermal conditions, the manganese(II) and cobalt(II) salts
can decompose/transform into precipitates, which may be calcined into spinel compounds.
Similarly, the oxidation of low-valent or reduction of high-valent metals in their salts, to
be built into the spinel structure, can give intermediates that may be calcined into cobalt
manganese oxide spinel compounds.

Cobalt(II) and manganese(II) nitrate (tetra and hexahydrate, respectively, were dis-
solved in ethanol in various ratios and heated in a Teflon autoclave at 140 ◦C for 24 h [91,92]
or refluxed in the presence of silica for several hours [93]. The use of a glyceroliso-propanol
solvent mixture at 180 ◦C resulted in a precipitate, which was transformed into spinels at
500 ◦C [94]. The increase in the hydrothermal treatment temperature (190 ◦C, 12 h) led to a
decrease in the calcination temperature to 350 ◦C [23].

As reported by another group [95], divalent cobalt and manganese nitrates were
dissolved in water in the presence of graphite and heated in a closed tube at 270 ◦C for 6 h.
The main product was nanosized (Co,Mn)(Co,Mn)2O4 oxide with mixed metal ion site (A
or B) distributions.

The solvothermal treatments using different recipes, i.e., (1) cobalt(II) and man-
ganese(II) nitrates in a 1:1 ratio with poly(1,4-phenylene ether-ether sulfone), dimethylac-
etamide, and nitric acid [96], (2) the appropriate acetate salts using aqueous ethanol at
150 ◦C in the presence of carbon nanotubes [97], and (3) a mixture of cobalt(II) chloride
and manganese(II) acetate, oleyl amine, and stearic acid in xylene solution at 120 ◦C for
3 h in the presence of reduced graphene oxide [98] all led to CoxMn3−xO4 spinels [96]. The
solvothermal treatment of manganese(II) oleate and cobalt(II) stearate in 1-octadecene at
120 ◦C for 1 h in a vacuum, in the presence of a SrTiO3 carrier, with subsequent heating at
350 ◦C in N2 for 0.45 h was also reported [9].

The solvothermal synthesis of spinels from cobalt(II) chloride and tetrabutylammo-
nium permanganate (1:1 molar ratio) in isopropanol with 3 h reflux and drying at 120 ◦C
was reported in [99]. Co-precipitation from cobalt(II) nitrate with potassium permanganate
in the presence of maleic acid [100] or without maleic acid but at 70 ◦C for 70 min [101]
with subsequent calcination at 500 ◦C for 4 h [100] or 350 ◦C for 2 h [101], respectively,
were also tested. Instead of permanganate, hydrogen peroxide can also be used. Cobalt(II)
nitrate and manganese(II) chloride were mixed in the presence of NaNO3 and NH4F and
oxidized with hydrogen peroxide; then, after adding NaOH, the precipitate was heated at
300 ◦C [102] or at 750 ◦C for 4 h to gain the spinel structure [103].

The reaction of manganese(II) acetate and K3[Co(CN)6] in the presence of poly
(vinylpyrrolidone) [19,104] or aqueous citrate solution with stirring for 24 h [105] resulted
in manganese(II) [hexacyanocobaltate(III)]-containing precursors which were transformed
at 450 ◦C for 2 h [19,104] or at 350 ◦C for 2 h [105] into CoxMn3−xO4 spinels.

Pulsed-spray evaporation and chemical vapor deposition was performed with
cobalt(II) acetylacetonate and manganese(II) 2,2,6,6-tetramethyl-3,5-heptanedionate at
210 ◦C, with 4 Hz, 2.5 ms, heating in N2/O2 atm at 230 ◦C and then at 400 ◦C at 32 mbar
pressure by the authors of ref. [106]. Spray pyrolysis was used for the tetraethylene gly-
col solutions of the appropriate metal(II) nitrates to ethanol with subsequent sintering at
600 and 800 ◦C for 2 h each, as reported in [107]. In another report [108], spray pyrolysis
of aqueous cobalt(II) and manganese(II) acetates on a glass coated with fluorine-doped
Sn-oxide was performed at 150 ◦C for 1 h.

Electrophoretic deposition of spinels was conducted from the appropriate nitrate
salts in aqueous nitric acid solution, with heating at 500 ◦C for 20 min in Ar-H2 followed
by calcination in air at 690 ◦C for 2 h [109]. A Co1.5Mn1.5O4 spinel was prepared with
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polarization by asymmetric AC from cobalt nitrate and manganese sulfate solutions in a 1:1
ratio, at pH = 3.5–4.0, with Ic/Ia = 1:1.25 at 40 ◦C for 60 min [109].

Electrospinning of cobalt(II) and manganese(II) acetate solutions with polyvinylpyrroli-
done in DMF (25 kV, 1.2 mL/h), then heating at 600 ◦C for 3 h was performed to prepare
a spinel in ref. [110]. Coaxial electrospinning (DC = 13 kV, 10 µL/min) and heating at
900 ◦C in N2 for 100 min and then at 250 ◦C in the air for 30 min on carbon nanofiber
carriers were also reported [25]. In ref. [111], the appropriate acetate salts were mixed with
polyvinylpyrrolidone in EtOH, stirred for 12 h, then again for 12 h with acetic acid, and
electrospinning was performed at 18 kV, 2 mL/h, with heating at 400 ◦C for 4 h.

The synthesis possibilities of CoxMn3−xO4 spinels (0 < x < 3) are summarized schemat-
ically in Figure 4.
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Figure 4. A schematic summary of different starting materials, additives in different synthesis routes,
and heat treatments that resulted in CoxMn3−xO4 (0 < x < 3) spinels.

3. The CoxMn3−xO4 (0 < x < 3) Spinels as Catalysts
The different CoxMn3−xO4 spinels with 0 < x < 3 prepared on different reaction

routes were described as versatile catalysts in various industrially important reactions such
as the NH3-SCR reaction [22] and removal of volatile organic contaminants and carbon
monoxide [94] from air [18–21]. They serve as a good catalyst to enhance propellant com-
bustion [112]. These spinels catalyze oxygen evolution (OER) [113] and oxygen reduction
(ORR) [98] reactions and advanced oxidation processes performed with peroxides [101].
The preparation of fuel and high-value chemicals from synthesis gas by the Fischer–Tropsch
process is also catalyzed by these cobalt manganese oxide spinels [71].
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3.1. CoxMn3−xO4 Catalysts in NH3-SCR Reaction

The catalytic activity of CoxMn3−xO4 (0 < x < 3) spinels prepared from cobalt(II) and
manganese(II) oxalates in hydrothermal reactions in ethylene glycol was comprehensively
tested in the NH3-SCR reaction under different circumstances [22]. The CoxMn3−xO4

spinel with x = 1.5 was prepared in a hydrothermal reaction of cobalt(II) and manganese(II)
oxalates in aq. ethylene glycol at 140 ◦C and showed excellent N2 selectivity (99% at
50 ◦C) [22]. Cai et al. [81] tested the influence of different metallic mesh carriers (Fe, Ti,
Cu, and Ni) on the catalytic effect of CoxMn3−xO4 spinels prepared from cobalt(II) nitrate,
manganese(II) acetate and urea as the ammonia precursor under hydrothermal conditions.
The spinel with x = 1.33 was tested on ceramic carriers and iron mesh between 90 and
360 ◦C. The iron mesh showed a stable NH3 absorption for 60 h operation and kept the
NO conversion over 90% with >98% N2 selectivity (Table 3). Furthermore, adding 10 v%
of H2O to the system did not change the catalytic effect, whereas 60% conversion was
obtained when 100 ppm SO2 was injected.

Table 3. The catalytic activity of CoxMn3−xO4 (0 < x < 3) spinels prepared on various reaction routes
in NH3-SCR reaction.

CoxMn3−xO4
Precursors,

Preparation Conditions
Catalyst Properties and Reaction

Conditions Refs. Remarks

x = 0.75
K3[Co(CN)6] and MnII acetate, in

1:3 ratio aq. sol. with
poly(vinylpyrrolidone),

calcination at 450 ◦C for 2 h

[NO] = 500 ppm
T50 = 85 ◦C, Conv.: 98.5% (150 ◦C),

N2O: ~100 ppm (150 ◦C), rate:
8.37·10−9 mol·s−1, O2:H2O 3:8 v%,

GHSV: 38,000 h−1, flow rate 210 mL/min

[19] SBET = 77.1 m2 g−1,
Vp = 0.318 cm3 g−1

SO2 (200 ppm) the NO conv.: 95%
8 v% H2O the NO conv.: 99%

Both, the NO conv.: 90%

[NH3] = 500 ppm
T50 ≈ 250 ◦C, Conv.: >99% (350 ◦C),

Selectivity of N2O ≈ 10%
O2:H2O 3:8 v%,

GHSV: 38,000 h−1, flow rate 210 mL/min

x = 1.33
Hydrothermal, CoII nitrate and

MnII acetate, 4:5 molar ratio, urea
aq. sol, 90 ◦C, calcination at 500 ◦C

N2 selectivity: 100% between 90 and
200 ◦C, NOx selectivity: 100% between

130 and 270 ◦C,
GHSV: 10,000 h−1,

[81] SBET = 66.1 m2 g−1,
dp = 9.5 nm,

x = 1.5

Hydrothermal, CoII and MnII

oxalates, 1:1 molar ratio, aq.
ethylene glycol, 140 ◦C, calcination

450 ◦C for 2 h

N2 selectivity: 99% to 86% at 50 to 200 ◦C,
resp.; NOX selectivity: 93%/75 ◦C and
95%/100–200 ◦C, GHSV: 32,000 h−1, Ea

23.5 kJ/mol, flow rate 100 mL/min

[22]
SBET = 103 m2 g−1,

dp = 5.8 nm,
Vp = 0.44 cm3 g−1

Zhang et al. [19] studied the influence of morphology, stability, and the presence of
inhibitors like H2O and/or SO2 on the catalytic activity of CoxMn3−xO4 with x = 0.75
prepared by thermal decomposition of manganese(II) [hexacyanocobaltate(III)] at 450 ◦C
for 2 h. The results and influence of different reaction conditions are summarized in Table 3.

3.2. Removal of Volatile Organic Compounds (VOCs) and Some Harmful Inorganic Gases

The volatile organic and inorganic contaminants such as aliphatic and aromatic hydro-
carbons, organic compounds (esters, alcohols), carbon monoxide, and dinitrogen oxide are
harmful constituents, the removal of which from the environment is more than an important
task, especially via finding active catalysts to decrease the temperature of treatment and
increase the efficiency of contaminant removal. Recently, the catalytic decomposition of dif-
ferent VOCs has been one of the hottest topics and one of the main possibilities in the fight
against global warming [114]. There are a lot of mixed catalysts containing CoxMn3−xO4
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spinels to increase the efficiency in VOC removal [115], and now we summarize the results
of removal of typical VOCs in the presence of CoxMn3−xO4 spinels (0 < x < 3).

3.2.1. Removal of Aromatic Hydrocarbons and Esters

The removal of ethyl acetate and toluene from the atmospheric environment in the
presence of CoxMn3−xO4 spinels (0 < x < 3) is summarized in Table 4.

Table 4. The catalytic activity of CoxMn3−xO4 spinels (0 < x < 3) in the oxidation of toluene and ethyl
acetate in air.

CoxMn3−xO4
Precursors and Preparation

Conditions
Catalyst Efficiency and Reaction

Conditions Refs. Remarks

x = 0.27
CoII and MnII nitrates in 1:10 ratio,

2 h at 500 ◦C, zeolitic
2-methylimidazole
frameworks (ZIFs)

1000 ppm of toluene, 20% O2
T50 = 236.6 ◦C and T90 = 242.0 ◦C,

Ea = 136 kJ/mol, GHSV: 120,000 h−1

flow rate 50 mL/min

[64]

SBET = 112
m2 g−1,

dp = 2.0 nm, Vp = 0.56
cm3 g−1

x = 0.5
CoII and MnII nitrates in 1:5 ratio,

2 h at 500 ◦C, zeolitic
2-methylimidazole
frameworks (ZIFs)

1000 ppm of toluene, 20% O2
T50 = 241.7 ◦C and T90 = 245.6 ◦C,

Ea = 186 kJ/mol, GHSV: 120,000 h−1

flow rate 50 mL/min

[64]

SBET = 74
m2 g−1,

dp = 2.1 nm, Vp = 0.39
cm3 g−1

x = 1.0

Ultrasonic impregnation, CoII and
MnII oxalates, 1:2 molar ratio, aq.

sol., 100 ◦C, 500 ◦C for 4 h,
on ceramics

500 ppm of toluene or ethyl acetate,
toluene conv.: 100% at 220 ◦C,

ethyl acetate conv.: 100% at 180 ◦C,
GHSV: 45,000 h−1 flow rate 75 mL/min

[18] No data

x = 1.0

Hydrothermal, CoII and MnII

oxalates in 1:2 ratio, poly(vinyl
pyrrolidone), ethylene glycol., 1 h at

170 ◦C, 150 ◦C (6 h),
500 ◦C for 4 h, treatment with

0.05 M HNO3

1000 ppm of toluene, 21% O2
T50 = 227 ◦C and T90 = 238 ◦C,

Ea = 134 kJ/mol, GHSV: 90,000 h−1

flow rate 100 mL/min

[89]

SBET = 55.9
m2 g−1,

dp = 12.24 nm, Vp =
0.19

cm3 g−1

x = 1.0 CoII and MnII acetate, 1:2 molar
ratio, ethanol, oxalic acid, 80 ◦C,

calcination at 400 ◦C for 3 h

500 ppm of toluene and 20% O2
T50 = 202 ◦C and T90= 210 ◦C,

Ea = 35.5 kJ/mol, GHSV: 22,500 h−1 [88] SBET = 124.4 m2 g−1,
dp = 3.7 nm, Vp = 0.24

cm3 g−1T90 = 227 ◦C,
GHSV: 45,000 h−1

x = 1.5

Ultrasonic impregnation, CoII and
MnII oxalates, 1:2 molar ratio, aq.

sol., 100 ◦C, calcination at 500 ◦C for
4 h, on ceramics

500 ppm of toluene or ethyl acetate,
toluene conv.: 100% at 220 ◦C,

ethyl acetate conv.: 100% at 180 ◦C,
GHSV: 45,000 h−1 flow rate 75 mL/min

[18] No data

x = 1.5
CoII and MnII nitrates in 1:1 ratio,
coatings, 2 h, 500 ◦C, on zeolitic

2-methylimidazole
frameworks (ZIFs)

1000 ppm of toluene, 20% O2
T50 = 243.8 ◦C and T90 = 249.7 ◦C,

Ea = 194 kJ/mol, GHSV: 120,000 h−1

flow rate 50 mL/min

[64]

SBET = 54
m2 g−1,

dp = 2.1 nm, Vp = 0.56
cm3 g−1

x = 2.0

Ultrasonic impregnation, CoII and
MnII oxalates, 1:2 molar ratio, aq.

soln., 100 ◦C, 500 ◦C for 4 h on
ceramics

500 ppm of toluene or ethyl acetate,
toluene conv.: 100% at 220 ◦C,

ethyl acetate conv.: 100% at 180 ◦C,
GHSV: 45,000 h−1 flow rate 75 mL/min

[18] No data

500 ppm of toluene or ethyl acetate,
toluene conv.: 100% at 230 ◦C,

GHSV: 60,000 h−1 flow rate 75 mL/min

500 ppm of toluene or ethyl acetate,
toluene conv.: 100% at 250 ◦C,

GHSV: 78,000 h−1 flow rate 75 mL/min

x = 2.0

Ultrasonic impregnation, CoII and
MnII oxalates, 1:2 molar ratio, aq.

soln., 100 ◦C, calcination 500 ◦C for
4 h, on ceramics

500 ppm–500 ppm mixture of toluene and
ethyl acetate: T20 = 182 ◦C, T50 = 204 ◦C,
and T90 = 217 ◦C, 1000 ppm–1000 ppm

mixture of toluene and ethyl acetate:
T90 = 230 ◦C, GHSV: 45,000 h−1 flow rate

75 mL/min
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Table 4. Cont.

CoxMn3−xO4
Precursors and Preparation

Conditions
Catalyst Efficiency and Reaction

Conditions Refs. Remarks

x = 2.0
CoII nitrate, MnII chloride, 2:1 molar

ratio aq. sol. and MnII oxidation
with H2O2, NaOH, 300 ◦C

400 ppm of toluene, 20% O2
T50 = 239 ◦C and T90 = 259 ◦C,

Ea = 68.7 kJ/mol, GHSV: 12,000 h−1

flow rate 160 mL/min

[102] No data
700 ppm of toluene, 20% O2

T50 = 250 ◦C and T90 = 271 ◦C,
Ea = 68.7 kJ/mol, GHSV: 12,000 h−1

flow rate 160 mL/min

1000 ppm of toluene, 20% O2
T50 = 256 ◦C and T90 = 272 ◦C,

Ea = 68.7 kJ/mol, GHSV: 12,000 h−1

x = 2.0
CoII nitrate and MnII chloride, 2:1
ratio, aq. H2O2, NaOH, and NH4F

solution, 12 h, 750 ◦C, 4 h

toluene (5000 ppm) conversion > 90% in
~10 min; selectivity of H2: 1.4% in ~30 min

v(H2) = 5.58 10−4 mol·L−1·s−1,
at 400 ◦C, flow rate 75 mL/min

[103]

SBET = 28.34
m2 g−1,

dp = 17.02 nm,
Vp = 0.121

cm3 g−

x = 2.4

Ultrasonic impregnation, CoII and
MnII oxalates, 1:2 molar ratio, aq.

sol., 100 ◦C, 500 ◦C for 4 h,
on ceramics

500 ppm of toluene or ethyl acetate,
toluene conv.: 100% at 220 ◦C,

ethyl acetate conv.: 100% at 180 ◦C,
GHSV: 45,000 h−1 flow rate 75 mL/min

[18] No data

The catalytic activity of the CoxMn3−xO4 spinels (x = 1, 1.5, 2, and 2.4) prepared by
ultrasonic impregnation of CoII and MnII oxalates at 100 ◦C with subsequent heating at
500 ◦C for 4 h on ceramics were comprehensively tested by Zhao et al. [18] in the oxidation
of toluene and ethyl acetate. The relation of the catalytic activities (A) in the toluene
oxidation for different x values was A(x = 2.0) > A(x = 1.5) > A(x = 1.0) ≈ A(x) = A(2.4)
(Table 4). The best performance was found in the case of the CoxMn3−xO4 (x = 2), when
the T20 = 182 ◦C, T50 = 204 ◦C, and T90 = 217 ◦C. The best CoxMn3−xO4 (x = 2) catalyst
showed 7 cycles/2500 min stability; the T90 for toluene decreased to 225 ◦C, whereas for
ethyl acetate, it increased to 192 ◦C. Even 2.0 vol% water did not disturb the stability of this
catalyst, but the number of vacancies greatly affects their activity [18].

The effect of the vacancies on the catalytic activity of CoMn2O4 prepared in the
hydrothermal reaction of CoII and MnII oxalates in ethylene glycol in the presence of
poly(vinylpyrrolidone) (PVP) followed by calcination at 500 ◦C for 4 h with subsequent
generation of vacancies in the spinel structure with acidic leaching (HNO3 solutions,
c = 0.00, 0.01, 0.05, 0.1, and 0.5 M) was studied for toluene degradation by Wang et al. [89].
The best efficiency was obtained when the sample was treated with 0.05 M nitric acid
(Table 4). The stability of the sample at c = 0.05 was found to be excellent since, applying
it in a 5 v% H2O humid condition, the conversion ratio was at least 80%. The effect
of the calcination temperature on the catalytic efficiency of MnCo2O4 prepared from
nitrate salts with NaOH and oxidation by H2O2 with subsequent calcination at 300 ◦C
was tested for toluene removal by Wang et al. [102]. They applied 400, 700, and 1000 ppm
toluene concentration, and in all the cases, the T50 and T90 decreased in the following
order of calcination temperature: 750 ◦C > 600 ◦C > 450 ◦C > 300 ◦C. The stability of
the best-performing spinel oxide (heat-treated at 300 ◦C) was 140 h when the toluene
concentration was 1000 ppm was excellent since, at 290 and 270 ◦C, the conversation rates
were 99 ± 0.4% and 76 ± 0.5%, respectively. Under the same circumstances, but with
water vapor (RH = 85%) content, these numbers did not change; they were 99 and 77%,
respectively, even after 120 min.

Dong et al. [88] tested the catalytic conversion of toluene with the spinel oxide (x = 1)
prepared from the acetate salts in ethanol with co-precipitation. The stability of the spinel
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was excellent at 220 ◦C since after 700 min, the conversion rate dropped only to 98%, even in
the presence of 2.0 v% water vapor. The increasing GHSV has a slight effect since 45,000 h−1

decreased the conversion rate only to 90% at 227 ◦C. The effect of the presence of oxygen
was also tested. Without 20% O2, the conversion rate reached 80% (for 14 min); however, it
dropped to 16% after 33 min. They concluded that the surface lattice oxygen took part in
the catalytic reaction, and the toluene oxidation over this catalyst occurs through benzyl
alcohol and benzoate. Dong et al. also studied the effect of Pt-doping (0.28 w%) [116], which
resulted in a great efficacy increase (the Pt-CoMn2O4 reached 99% conversion at 160 ◦C,
and T50 and T90 were 134 and 150 ◦C, respectively). In contrast, at the same temperature,
the undoped sample reached only 7% conversion. Similarly, Chen et al. [117] claimed that
if Cu was added to the Co-Mn spinels, the toluene oxidation was found to be promoted,
the T90 was around 210 ◦C, and water formation was observed only for limited periods
(under 1600 min).

Han et al. [64] prepared CoxMn3-xO4 (0 < x < 3) spinels with Mn substitution at the
octahedral sites of the cubic Co3O4 spinel-like structure. The metal nitrates were reacted
on a zeolitic imidazole framework, with calcination at 500 ◦C for 2 h. The best T90 value
was obtained with the x = 0.27 catalyst (242.0 ± 1.5 ◦C). The catalyst was stable; the toluene
conversion was around 94% even after 55 h.

Wang et al. [103] studied the catalytic activity of the regular CoMn2O4 spinel with
excess oxygen content in the low-temperature pyrolysis of toluene. The best catalyst was
obtained by co-precipitation from nitrate salts with NaOH in the presence of NH4F and
hydrogen peroxide, with calcination at 750 ◦C for 4 h. Their isotherm heating studies
showed that the best toluene concentration at 400 ◦C was 5000 ppm, below that, a lower
amount of H2 formed, whereas, above that, the toluene conversion became low. Above
500 ◦C, large amounts of methane and benzene formed.

3.2.2. Removal of Aliphatic Saturated and Unsaturated Hydrocarbons, Alcohols, and
Inorganic Gases in the Presence of CoxMn3−xO4 Spinels (0 < x < 3)

The results about the catalytic activity of CoxMn3−xO4 (0 < x < 3) spinels in the
oxidative removal of carbon monoxide, N2O, aliphatic hydrocarbons (methane, propane,
propene, and acetylene), and alcohols such as ethanol and n-butanol are summarized in
Table 5.

Table 5. The catalytic activity of CoxMn3−xO4 in the oxidation of CO, N2O, aliphatic hydrocarbons,
and alcohols in air.

CoxMn3−xO4
Precursors and

Preparation Conditions
Catalyst Efficiency and

Reaction Conditions Refs. Remarks

x = 0.5
CoII and MnII nitrate in 1:5 ratio,
aq. NaOH sol. (pH = 11), 400 ◦C

for 4 h

1 v% CO, T50 = 183 ◦C, Ea = 49 kJ/mol
CO conv. rate: 0.2376 cm3·g−1·s−1

at 250 ◦C, contact time 0.12 s
[118]

SBET = 60
m2 g−1,

x = 1
Hydrothermal, pH = 12, (KOH),
CoII and MnII nitrate, 1:1 molar

ratio, aq. sol., 300 ◦C for 3 h

0.2 V% propane and 2.0 V% O2,
T50 = 180 ◦C and T90 = 228 ◦C,

GHSV: 18,000 h−1, Ea = 72.2 kJ/mol,
K = 0.389 µmol/g s

[119]
SBET = 90.8 m2 g−1,

dp = 13.1 nm,
Vp = 0.46 cm3 g−1

x = 1.5
Hydrothermal, CoII and MnII

nitrate, 1:1 molar ratio, aq. urea,
175–190 ◦C, microwave heating

upon ignition temp.

100% conversion of CO to CO2
at 200 ◦C in 9 min, Ea = 33 kJ/mol

[24] No data

x = 2
Hydrothermal, CoII and MnII

nitrate, 1:1 molar ratio, aq. urea,
175–190 ◦C, microwave heating

upon ignition temp.

100% conversion of CO to CO2
at 180 ◦C in 10 min, Ea = 31 kJ/mol
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Table 5. Cont.

CoxMn3−xO4
Precursors and

Preparation Conditions
Catalyst Efficiency and

Reaction Conditions Refs. Remarks

x = 2.0
Solvothermal, CoII and MnII

nitrate, 2:1 ratio, Glycerol-i-PrOH,
180 ◦C, calcination at 500 ◦C

1-1 v% of CO and O2,
T20 = 60 ◦C, T50 = 90 ◦C, T90 = 110 ◦C

Ea = 30.1 kJ·mol−1, TOF = 9.52·10−4 s−1),
GHSV: 36,000 h−1 flow rate 60 mL/min

[94]
SBET = 203.5

m2 g−1,
dp = 3.59 nm1-1 v% of CO and O2, and 2 v% H2O

T20 = 90 ◦C, T50 = 130 ◦C, T90 = 170 ◦C
TOF = 1.75·10−4 s−1,

GHSV: 36,000 h−1 flow rate 60 mL/min

x = 2

Na2CO3-NaOH mixt., MnII and
CoII nitrate, 1:2 ratio, T = 25 ◦C

pH = 10, 2 h, 1100 ◦C for 2 h (inert
atmosphere), 500 ◦C for 4 h (air)

EtOH (1 ppm)
T50 = 165 ◦C, T90 ≈ 250 ◦C

flow rate: 2500 mL·h−1

[86] SBET = 43.6 m2 g−1,N2O (1000 ppm)
T = 350–450 ◦C

k = 4.30·1011 molN2O·s−1·m−2·Pa−1

flow rate: 100 mL·h−1

x = 2.0
CoII and MnII acetate, 2:1 molar
ratio, aq. NH3, 60 ◦C, 24 h, then

500 ◦C for 6 h

400 ppm n-butanol,
T50 = 120 ◦C and T80 = 250 ◦C

GHSV: 21,000 h−1
[78]

SBET = 86
m2 g−1,

dp = 12.1 nm, Vp = 0.27
cm3 g−1

x = 2.5
CoII nitrate and MnII acetate, 5:1
ratio, aq. (NH4)2CO3, 40 ◦C for

6 h, then 400 ◦C for 4 h

2 v% CH4–6 v% O2,
T50 = 306 ◦C, T50 = 382 ◦C, T90 = 473 ◦C

flow rate 100 mL/min
[84]

SBET = 108
m2 g−1,

dp = 7.48 nm,
Vp = 0.263

cm3 g−1

x = 2.66

Pulsed-spray evaporation
chemical vapor deposition, CoII

acetylacetonate, MnII 2,2,6,6-
tetramethyl-3,5-heptanedionate in

2:1 ratio, 4 Hz, 2.5 ms, 210 ◦C,
N2/O2 atm. at 230 ◦C, 400 ◦C at

32 mbar.

1 v% C2H2–20 v% O2,
T50 = 282 ◦C, T90 = 294 ◦C

CO2 selectivity: T50 = 282 ◦C, T90 = 295 ◦C
Ea = 131.86 kJ·mol−1,
flow rate 15 mL/min [106] No data

1 v% C3H6–20 v% O2,T50 = 321 ◦C,
T90 = 356 ◦C

CO2 selectivity: T50 = 323 ◦C, T90 = 357 ◦C
Ea = 114.59 kJ·mol−1,flow rate 15 mL/min

Wright et al. [120] did some preliminary tests with CO oxidation in the presence of
amorphous and crystalline CoxMn3−xO4 catalysts when the oxidation reaction started
above 110 ◦C. In the presence of CoxMn3−xO4 catalysts prepared by microwave heating
from the appropriate divalent metal nitrates in the presence of urea under hydrothermal con-
ditions with x = 2 and x = 1, a complete conversion of CO to CO2 in 9 and 10 min at 200 and
180 ◦C was obtained, respectively, as reported in ref. [24] (Table 5). Bulavchenko et al. [118]
studied the effect of calcination temperatures on the catalytic activity of Co0.5Mn2.5O4

(prepared from CoII and MnII nitrates, using aq. NaOH at pH = 11, with calcination at
400 ◦C for 4 h) in CO oxidation, and 400 ◦C was found to be the best choice when T50 for
CO oxidation was 183 ◦C and the Ea value was 49 kJ/mol. The increase in calcination
temperature to 600 and 800 ◦C resulted in the rise of T50 values to 250 ◦C and 461 ◦C, and
the activation energies were also increased up to 56 and 67 kJ/mol, respectively [118]. The
oxidation of carbon monoxide was studied in detail by Xu et al. [94] with CoxMn3−xO4

catalysts that had different compositions and structures. The catalysts were prepared on
a solvothermal route from CoII and MnIII nitrates in a glycerol-i-PrOH mixture at 180 ◦C,
with subsequent calcination at 500 ◦C. The best performance, moisture tolerance (v% = 2),
and long-term durability (>30 h) were obtained with x = 2 with cubic structure when at
90 ◦C the conversion was 54.95%, whereas, in the presence of water, it was reached at
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around 130 ◦C [94]. All the catalytic results obtained by Xu et al. [94] are summarized in
Figure 5.
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Figure 5. The CO conversion as a function of reaction temperature (a) and CO conversion as a
function of reaction temperature in the presence of v% = 2 H2O (b) for different CoxMn3−xO4 studied
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Rotko et al. [84] studied different CoxMn3−xO4 (x = 0.5, 1.5, and 2.5) catalysts in the
oxidative removal of methane. The catalysts were prepared in a hydrothermal reaction of
the metal nitrates with KOH at pH = 12, with subsequent heating at 300 ◦C for 3 h. The best
catalytic performance was obtained with the lowest Mn-containing sample (Co2.5Mn0.5O4)
when the T10, T50, and T90 values were found to be much lower than those with the
other catalysts, even the Pd-Pt-containing ones (Table 5). The increase in the number
of vacancies in Co1.5Mn1.5O4 is advantageous for the complete oxidation of propane.
Thus, the amorphous nature of the spinel oxide resulted in lower T50 and T90 values
(169 ◦C and 207 ◦C) than those for the crystalline one (180 ◦C and 228 ◦C) with the same
composition [119].

Tian et al. [106] prepared some low-cobalt containing CoxMn3−xO4 (x ≤ 0.34) catalysts
with the pulsed-spray evaporation-driven chemical vapor deposition (PSE-CVD) technique
from manganese(II) acetylacetonate and cobalt(II) 2,2,6,6-tetramethylheptandedionate and
tested for the oxidation of unsaturated hydrocarbons such as propylene and acetylene. The
highest Mn-containing spinel (x = 0.34) had the highest electrical resistivity (16.50 Ω·cm)
and was found to be stable up to 690 ◦C. The conversion and the selectivity for CO2

formation are summarized in Table 5, and the results were found to be close to those
obtained for an expensive Au/Al2O3 catalyst [106].

Kovanada et al. also studied the oxidation of N2O and EtOH with different mixed
oxide catalysts [86] made from nitrate salts at pH = 10 in 2 h at room temperature with
subsequent calcination and extrudation at 1100 ◦C for 2 and at 500 ◦C for 4 h, respectively.
The MnCo2O4 catalyst resulted in a midfield of conversion of EtOH and N2O between 330
and 450 ◦C (Table 5). The increase in the catalytic efficiency of cobalt manganese spinels
was obtained in the presence of other cations, such as Al and Mg, as was observed by Linde
et al., who found that Al or transition metal doped (Cu, Ni, Fe) Co-Mn spinels had better
catalytic efficiency in the oxidation of N2O than the undoped cobalt manganese oxide
spinels [121]. Mitran et al. studied MnCo2O4 catalysts prepared at different pH (adjusted
by aq. NH3 solution) from acetate salts at 60 ◦C for 24 h and with calcination at 500 ◦C
for 6 h in the oxidation of n-butanol at 400 ppm concentration [78]. The highest n-butanol
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conversion was reached at 250 ◦C; other products were also identified as acetaldehyde and
propionaldehyde [78].

3.3. CoxMn3−xO4 (0 < x < 3) Catalyst in the Oxidative or Reductive Transformations of
Organic Compounds

The CoxMn3−xO4 (0 < x < 3) spinels were tested in numerous organic reactions on
a preparative scale, for example, in oxidation reactions of alcohols or amines into valu-
able substances. For example, the spinel with x = 1.5 (SBET = 137 m2 g−1, dp = 3.8 nm,
Vp = 0.12 cm3 g−1) prepared from cobalt and manganese nitrate in the presence of poly(1,4-
phenylene ether-ether sulfone), dimethylacetamide, and nitric acid [96] catalyzed the
oxidation of benzylamine in toluene with 76% conversion at 110 ◦C in 11 h with 99% selec-
tivity to N-benzylidenebenzylamine. The authors concluded that no active metal leaching
occurred during the reaction [96].

3.3.1. Transformations of 5-Hydroxymethylfurfural

The oxidative conversion of 5-hydroxymethylfurfural has many possible reaction
pathways (Figure 6).
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The oxidation of 5-hydroxymethylfurfural (HFM) into 2,5-diformylfurane (DFF) is the
most important reaction route, which can easily be controlled with the use of CoxMn3−xO4

spinels prepared under hydrothermal conditions (glycerol-isopropanol, 190 ◦C for 12 h)
with subsequent calcination at 350 ◦C from the divalent metal nitrates [23]. Ding et al.
studied these CoxMn3−xO4 catalysts (x = 1; 1.2, 1.5, and 2), and first, the temperature
dependence was tested with the sample x = 1.2. The increase in temperature from 90 to
160 ◦C increased the conversion from 29.6 to 84.9%, but the selectivity was changed in the
opposite direction, decreasing from 100% (100 ◦C) to 24.0% (160 ◦C). The catalytic activity
of the different CoxMn3−xO4 (x = 1; 1.2, 1.5, and 2) spinel catalysts were tested at 100 ◦C,
and the results are summarized in Table 6 [23].
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Table 6. The result of the 5-hydroxymethylfurfural transformations catalyzed by CoxMn3−xO4

(x = 1–2) spinels.

CoxMn3−xO4
Precursors, Preparation

Conditions
Catalyst Efficiency

and Reaction Conditions Refs. Remarks

x = 1
Hydrothermal, CoII and MnII

nitrate, 1:2 ratio, glycerol and
water in IPA, 190 ◦C for 12 h,

350 ◦C for 3 h

HFM conversion: 34.2%
DFF selectivity: >99%

P(O2) = 0.75 MPa, T = 100 ◦C, in DMF

[23]
SBET = 82.6 m2 g−1,
dp distribution =

3–10 nm

x = 1.2
Hydrothermal, CoII and MnII

nitrate, 2:3 molar ratio, glycerol
and water in IPA, 190 ◦C for 12 h,

350 ◦C for 3 h

HFM conversion: 41.6%
DFF selectivity: >99%

P(O2) = 0.75 MPa, T = 100 ◦C, in DMF

x = 1.5
Hydrothermal, CoII and MnII

nitrate, 1:1 ratio, glycerol and
water in IPA, 190 ◦C for 12 h,

350 ◦C for 3 h

HFM conversion: 33.7%
DFF selectivity: >99%

P(O2) = 0.75 MPa, T = 100 ◦C, in DMF

x = 2
Hydrothermal, CoII and MnII

nitrate, 2:1 ratio, glycerol and
water in IPA, 190 ◦C for 12 h,

350 ◦C for 3 h

HFM conversion: 36.0%
DFF selectivity: 92.1%

P(O2) = 0.75 MPa, T = 100 ◦C, in DMF

x = 2
MnII and CoII acetate, 1:2 ratio, 6 h,

calcination at 425 ◦C for 8 h,
Impregnation on Ru NPs

HFM conversion: > 90%
BHMF selectivity: 98.5%

P(H2) = 8.2 MPa, T = 100 ◦C, t = 4 h,
in MeOH

[122]
SBET = 135.4 m2 g−1,

dp = 9.1 nm,
Vp = 0.3082 cm3 g−1HFM conversion: 98.7%

BHMTHF selectivity: 97.3%
P(H2) = 8.2 MPa, T = 100◦C, t = 16 h,

in MeOH

The conversion to selectivity ratio changes with the amount of the catalyst; the best
ratio was 100:40 (Figure 7) [23], and a controversial effect was found in the case of reaction
time as well; the best duration of the reaction was 2 h. The catalyst was dried at 70 ◦C for
10 h and calcined at 350 ◦C. It was found to be reusable for 6 cycles with the same efficiency
(the recovery process was always applied between subsequent cycles) [23].
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Hydrogenation of HMF in the presence of CoMn2O4 doped with Ru NPs resulted in
2,5-bis(hydroxymethyl)furan (BHMF) and 2,5-bis-(hydroxymethyl)tetrahydrofuran (BHMTHF)
in a hydrogenation reaction [122].
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3.3.2. Organic Oxidation Reactions of Aromatic Alcohol Derivatives Catalyzed by
CoxMn3−xO4 Spinels (0 < x < 3)

Jha et al. studied the conversion of vanillyl alcohol into vanillin and tested the effect
of the Co/Mn ratio and the conditions of the reactions, including the solvent, temperature,
reaction time, catalyst concentration, and partial O2 pressure [83]. The catalyst was prepared
from CoII and MnIII acetates in ethylene glycol and aqueous Na2CO3 under solvothermal
conditions (160 ◦C) followed by calcination at 450 ◦C for 4 h. The best performance was
obtained with acetonitrile at 140 ◦C and 21 bar pressure with the MnCo2O4 catalyst in 2 h
(Table 7).

Table 7. Oxidation of vanillyl alcohol with MnCo2O4 samples prepared in hydrother-
mal/solvothermal reactions in ethylene glycol from acetate salts with sodium carbonate or ammonia.

CoxMn3−xO4
Precursors and Preparation

Conditions
Catalyst Efficiency

and Reaction Conditions Refs. Remarks

x = 2.0
Solvothermal, CoII and MnII

acetate, in ethylene glycol and
aq. Na2CO3, 160 ◦C, 450 ◦C 4 h

Vanillyl alcohol conversion: 64%
Selectivity: vanillin: 83%,

vanillic acid: 6%,
other: 11% acetonitrile,
T = 140 ◦C, 21 bar, 2 h

[83]
SBET = 105

m2 g−1

x = 2.0

Hydrothermal, CoII and MnII

acetate, 2:1 molar ratio, ethylene
glycol and aq. NH3, 160 ◦C 2 h,
350 ◦C 4 h, with 1% rGO carrier

Vanillyl alcohol conversion: 74%
Selectivity: vanillin:83%, Vanillic

acid: 8%,
Quinone: 8% acetonitrile, 140 ◦C,

21 bar, 2 h

[20]

SBET = 111
m2 g−1,

dp distribution = 3–20 nm,
Vp = 0.393

cm3 g−1

Changing the Co to Mn ratio in the spinels had no important effect on the conversion.
The increase in the reaction time from 1 to 4 h increased the conversion from 43 to 80%, with
a decrease in the selectivity for vanillin from 79 to 72% [83]. The reaction time was chosen
to be t = 2 h; then, the increase in temperature from 100 to 160 ◦C increased the conversion
from 41 to 76%, with decreasing vanillin selectivity from 57 to 83% up to 140 ◦C, followed
by a drop to 74%. The pressure of air had only a minuscule effect on the conversion and
selectivity, but above 21 bar, it started to drop [83]. Regarding the recycling of the catalyst,
simple washing with MeOH and drying at 100 ◦C was not found to be enough; calcination
at 450 ◦C for 1 h was needed to obtain a similar catalytic performance as the fresh sample,
and there was no leaching of Co and Mn observed [83].

A composite catalyst prepared in a hydrothermal reaction from acetate salts with
aqueous NH3 in ethylene glycol at 160 ◦C for 2 h, followed by calcination at 350 ◦C for
4 h with 1% rGO-containing MnCo2O4 (rGO = graphene oxide) was also tested in the
oxidation of different aromatic alcohols in the liquid phase (acetonitrile), including vanillyl
alcohol [20]. The best results (74% conversion, the selectivity for vanillin, vanillic acid,
and quinone being 83, 8, and 10%, respectively) at 140 ◦C for 2 h in acetonitrile were
obtained in the presence of 1% rGO. Increasing the reaction time decreased the selectivity
for the vanillin formation, and 2-metoxybenzoquinone occurred. The 1% rGO containing
MnCo2O4 catalyst was found to be stable and was heat treated at 350 ◦C for 2 h after each
cycle, obtaining the same results as with the fresh catalyst [20].

Other different aromatic alcohols were also used by Jha et al., and the results are
summarized in Table 7 [20]. Their test showed that 4-hydroxy-3-methoxy-α-methyl benzyl
alcohol (a secondary alcohol) showed the highest conversion (92%) and the lowest selectiv-
ity to ketone (57%) compared to primary alcohols. In contrast, the para-positioned alcohols
were found to be less reactive than the alcohols with o- or m-positions [20].
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3.4. CoxMn3−xO4 (0 < x < 3) Catalysts in Oxygen Evolution Reactions (OERs) and Oxygen
Reduction Reactions (ORRs)

The oxygen evolution reactions (OERs) are hot topics in environmental chemistry
and are key reactions for sustainable chemical energy storage and production of different
chemicals and fuels [113]. Recently, there has been significant progress in generating O2 via
chemical reactions, such as oxidation of water via photolysis, electrolysis, or electrocatalytic
oxygen evolution from oxides and oxoacids. Similarly, oxygen reduction reactions (ORRs)
are evolving as an exciting area in developing methods for the production of H2O and/or
H2O2 in an electrochemical cell [123]. These processes (OERs and ORRs) can be catalyzed
with CoxMn3−xO4 (0 < x < 3) spinels [31,98,104,124,125]. A general scheme of OERs is
shown in Figure 8.
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Rios et al. studied the catalytic activity of CoxMn3−xO4 (x = 0.25, 0.5, 075 and 1)
coatings made on glass/SnO2-F electrodes (spray pyrolysis of aq. acetate salts at 150 ◦C for
1 h) in OERs. They found that the Tafel slopes were almost independent of the Mn to Co
ratio. However, the current density (J) and the overpotential (η) were highly dependent on
it (Table 8), and the best Mn to Co ratio was 1:11 [108].

Xie et al. prepared a porous hollow sphere MnCo2O4 catalyst (solvothermal reaction
of cobalt(II) nitrate and manganese(II) acetate in an iPrOH/glycerol mixture at 140 ◦C,
with subsequent heating at 350 ◦C for 2 h) and studied it comprehensively under different
conditions in OERs [91]. The catalyst was found to be stable over 12 h at J = 10 mA·cm−2.
The Tafel slope (A) related to the activation energy of the reaction was found to be lower than
that for the Co3O4. The double-layer capacitance (Cdl) and the charge transfer resistance
(RCT) were 0.75 mF·cm−2 and 252 Ω, respectively [91]. Lee et al. [63] prepared a MnCo2O4

catalyst with the same composition but with a drop-casting method from CoII and MnIII

nitrate solutions (300 ◦C for 12 h) on a Pt/Ti fiber carrier that had excellent applicability in
the acidic electrolyte (0.05 M H2SO4). After 15,000 CV cycles, the η = 420 mV was found
at current density J = 10 mA·cm−2. The stability at 100 mA·cm−2 was 190 h, whereas, at
J = 400 mA·cm−2, the catalyst was completely dissolved after 40 h OER. The Ni-doping
improved all the OER parameters of the spinel catalyst even at 5% Ni content [63].
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Table 8. The catalytic activity of CoxMn3−xO4 (0 < x < 3) spinels in oxygen evolution reactions
(OERs).

CoxMn3−xO4
Precursors and Preparation

Conditions
Catalyst Results and

Conditions Refs. Remarks

x = 0.75

Hydrothermal, K3[Co(CN)6] and
MnII acetate, in 2:3 ratio aqueous

solution with
polyvinylpyrrolidone, 450 ◦C, 2 h

η = 710 mV when J = 1 mA·cm−2

in phosphate buffer (pH = 7.0) [104] SBET = 61.4 m2 g−1,

x = 1
Solvothermal, CoII and MnII

acetate,
1:2 molar ratio, ethanol, 150 ◦C,

12 h, on CNTs

η = 560 mV when J = 10 mA·cm−2
disk

A = 288.19 mV·dec−1, disk rot.
1600 rpm, in 0.1 M KOH electrolyte

[97] no data

x = 1

Solvothermal, CoII chloride and
MnII acetate, oleylamine, stearic

acid in xylene sol. 120 ◦C, 3 h,
on a reduced graphene

oxide carrier

η = 1490 mV when J = 10 mA·cm−2

A = 56 mV·dec−1

disk rot. 1600 rpm, in
0.1 M KOH electrolyte

[98]

Crystallite size
distribution: 1.7–3 nm,

SBET = 412 m2 g−1,
dp = 3.7 nm

x = 1

Electrospinning,
CoII and MnII acetate, 1:2 ratio,

mixed with polyvinylpyrrolidone
in DMF, 25 kV, 1.2 mL·h−1, 600 ◦C

3 h

Mass activity: 19.0 A·g−1

Spec. surface activity: 119 mA·cm−2

V = 1.55 (V vs. RHE)
in 0.1 M KOH electrolyte

[110]
SBET = 16.0 m2 g−1,

dp = 19.4 nm,
Vp = 0.078 cm3 g−1

x = 1.2
K3[Co(CN)6] and MnII acetate,

1:1.5 ratio, aq. citrate solution, 24 h,
350 ◦C, 2 h

η = 455 mV when J = 10 mA·cm−2

η = 582 mV when J = 50 mA·cm−2

A = 194.8 mV·dec−1, RCT = 129.4 Ω
Cdl = 129.8 µF·cm−2

in 0.5 M H2SO4 electrolyte

[105] No data

x = 1.2

Solvothermal, MnII oleate and CoII

stearate, 1.5:1 ratio, 1-octadecene,
120 ◦C (vac.) 1 h, 305 ◦C (N2 atm.)

0.5 h
on SrTiO3 carrier

A = 218 mV·dec−1,
in 0.1 M phosphate electrolyte

(pH = 6.9)
[9] No data

x = 1.5
K3[Co(CN)6] and MnII acetate, 1:1

ratio, aq. citrate solution, 24 h,
350 ◦C, 2 h

η = 415 mV when J = 10 mA·cm−2

η = 552 mV when J = 50 mA·cm−2

A = 195.4 mV·dec−1, RCT = 88.1 Ω
Cdl = 188.9 µF·cm−2

in 0.5 M H2SO4 electrolyte

[105] No data

x = 1.5
Solvothermal, CoII chloride and
n-Bu4NMnO4, 1:1 molar ratio,
2-propanol, 3 h reflux, 120 ◦C

η = 400 mV when J = 10 mA·cm−2
disk

A = 57 mV·dec−1, disk rot. 1600 rpm,
0.63 cm2

BET·cm−2
disk

in 0.1 M KOH electrolyte

[99]

SBET = 223 m2 g−1,
TUNNEL

η = 400 mV when J = 10 mA·cm−2
disk

A = 52 mV·dec−1, disk rot. 1600 rpm,
0.63 cm2

BET·cm−2
disk

in 0.1 M KOH electrolyte

SBET = 35 m2 g−1,
LINEAR

η = 420 mV when J = 10 mA·cm−2
disk

A = 65 mV·dec−1, disk rot. 1600 rpm,
0.63 cm2

BET·cm−2
disk

in 0.1 M KOH electrolyte

SBET = 283 m2 g−1,
SPINEL

x = 2

Solvothermal, CoII nitrate and
MnII acetate, 2:1 molar ratio,

2-propanol and
glycerol, 140 ◦C; 350 ◦C for 2 h

η = 305 mV when J = 10 mA·cm−2

η = 336 mV when J = 50 mA·cm−2

η = 355 mV when J = 100 mA·cm−2

A = 98.5 mV·dec−1, RCT = 252 Ω Cdl =
0.75 mF·cm−2

in 1 M KOH electrolyte
[91] SBET = 78.5 m2 g−1,

dp = 5.57 nm,

A = 27.6 mV·dec−1, J = 10 mA·cm−2

RCT = 1472.9 Ω, Cdl = 0.11 mF·cm−2

in neutral electrolyte
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Table 8. Cont.

CoxMn3−xO4
Precursors and Preparation

Conditions
Catalyst Results and

Conditions Refs. Remarks

x = 2
Drop casting method, CoII and

MnII nitrate solution, 300 ◦C, 12 h
on Pt/Ti fiber carrier

η = 371 mV when J = 10 mA·cm−2

η = 460 mV when J = 100 mA·cm−2

A = 163 mV·dec−1, in 0.05 M H2SO4
electrolyte

[63]
SBET = 103 m2 g−1,

dp = 5.8 nm,
Vp = 0.44 cm3 g−1

x = 2
Hydrothermal, CoII and MnII

acetate, 2:1 molar ratio, ethanol,
150 ◦C,

40 ◦C for 12 h on CNTs

η = 450 mV when J = 10 mA·cm−2

A = 176.86 mV·dec−1, disk rot.
1600 rpm, in 0.1 M KOH electrolyte

[97] no data

x = 2
K3[Co(CN)6] and

MnII acetate, 2:1 ratio, aq. citrate
solution, 24 h, 350 ◦C for 2 h

η = 489 mV when J = 10 mA·cm−2

η = 651 mV when J = 50 mA·cm−2

A = 235.6 mV·dec−1, RCT = 154.2 Ω
Cdl = 101.3 µF·cm−2

in 0.5 M H2SO4 electrolyte

[105] No data

x = 2

Hydrothermal, CoII and MnII

nitrate, 2:1 ratio, aq. urea and
NH4F solution, 130 ◦C for 12 h,

350 ◦C for 4 h
on IrO2 carrier

η = 210 mV when J = 10 mA·cm−2

A = 69.5 mV·dec−1,
Cdl = 12.8 µF·cm−2

in 0.1 M HClO4 electrolyte

[82] SBET = 108.8 m2 g−1

x = 2

Electrospinning,
CoII and MnII acetate, 1:2 ratio,

mixed with polyvinylpyrrolidone
in DMF, 25 kV, 1.2 mL·h−1, 600 ◦C

3 h

Mass activity: 17.4 A·g−1, specific
surface activity: 90 mA·cm−2,

V = 1.55 V, in 0.1 M KOH electrolyte
[110]

SBET = 19.3 m2 g−1,
dp = 21.1 nm,

Vp = 0.102 cm3 g−1

x = 2

Spray pyrolysis, CoII and MnII

acetate, 2:1 ratio, aq. solution,
sprayed on glass coating of

fluorine-doped Sn-oxide, 150 ◦C
for 1 h

η = 145 mV when J = 3 mA·cm−2

A = 69 mV·dec−1, Cdl = 60 µF·cm−2

at T = 20 ◦C in 1 M KOH electrolyte

[108] No data
x = 2.25

Spray pyrolysis, CoII and MnII

acetate, 3:1 ratio, aq. solution,
sprayed on glass coating of

fluorine-doped Sn-oxide, 150 ◦C
for 1 h

η = 110 mV when J = 13 mA·cm−2

A = 68 mV·dec−1, Cdl = 60 µF·cm−2

at T = 20 ◦C in 1 M KOH electrolyte

x = 2.5

Spray pyrolysis, CoII and MnII

acetate, 5:1 ratio, aq. solution,
sprayed on glass coating of

fluorine-doped Sn-oxide, 150 ◦C
for 1 h

η = 65 mV when J = 18 mA·cm−2

A = 68 mV·dec−1, Cdl = 60 µF·cm−2

at T = 20 ◦C in 1 M KOH electrolyte

x = 2.73
Hydrothermal, CoII and MnII

chloride, 10:1 ratio, aq. urea sol.,
200 ◦C for 12 h, 400 ◦C for 5 h
on platinized-titanium mesh

η = 602 mV when J = 10 mA·cm−2

in 0.5 M H2SO4 electrolyte [79]
SBET = 10.57

m2 g−1

x = 2.75

Spray pyrolysis, CoII and MnII

acetate, 11:1 ratio, aq. solution,
sprayed on glass coating of

fluorine-doped Sn-oxide, 150 ◦C
for 1 h

η = −10 mV when J = 22 mA·cm−2

A = 67 mV·dec−1, Cdl = 60 µF·cm−2

at T = 20 ◦C in 1 M KOH electrolyte
[108] No data

Hong et al. studied the MnCo2O4 catalyst supported on an IrO2/carbon cloth carrier
(hydrothermal reaction of CoII and MnIII nitrate with aqueous urea and NH4F solution at
130 ◦C for 12 h with subsequent calcination at 350 ◦C for 4 h) in OER. They studied the
influence of the variation of the fluoride content of the catalyst that was set during the
hydrothermal synthesis [82]. The obtained parameters were found to be better than those
obtained with spinels without fluorine content. The stability of the fluorine-containing
catalyst was found to be at least 100 h. Additionally, Xong et al. performed a solar-driven
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electrolyzer test also, actually a solar-to-hydrogen (STH) test, when light intensity was set
to 1 ± 0.1 Sun, and the efficiency was 15.1% for at least 3000 s [82].

Du et al. studied the catalytic activity of a CoMn2O4-rGO composite in OERs [98]. The
catalyst was prepared solvothermally from CoII chloride and MnII acetate with oleylamine
and stearic acid in xylene solution at 120 ◦C for 3 h on a reduced graphene oxide carrier.
They found that the nanoparticles prepared in this way were good catalysts in OERs with
the following parameters: η = 1490 mV when J = 10 mA·cm−2 A = 56 mV·dec−1 when the
disk rotation was 1600 rpm and 0.1 M KOH electrolyte was used (Table 8) [98].

Xie et al. studied the OER performance (in 0.5 M H2SO4 electrolyte) of different
CoxMn3−xO4 (x = 1.2; 1.5 and 2) spinels with a hollow-box structure [105] prepared from
manganese(II) [hexacyanocobaltate(III)] made in citric acid solution with subsequent heat
treatment at 350 ◦C for 2 h. The spinel with x = 1.5 was found to be the best as far as
the η (both at 10 and 50 mA·cm−2), A, RCT, and Cdl values are concerned. The long-term
stability at 10 mA·cm−2 (in 0.5 M H2SO4 electrolyte) was 20 h (for simple Co3O4, it was
only 4 h) [105]. Chueh et al. used a three-electrode electrochemical cell (Ag/AgCl reference
electrode, platinum wires as counter electrode, and the catalyst-coated platinized-titanium
mesh as the working electrode) for testing the OER efficiency of the CoxMn3−xO4 with
x = 2.73 in 0.5 M H2SO4 electrolyte [79]. The spinel was prepared in a hydrothermal reaction
of metal chlorides and aqueous urea solution at 200 ◦C for 12 h, with heating at 400 ◦C for
5 h on platinized-titanium mesh. Neither the performance nor stability achieved the values
for Co3O4, as those found by Wei et al. for the x = 0.75 catalyst applied in phosphate buffer
(pH = 7.0) at 1 mA·cm−2 (η = 710 mV) [104]. Jiang et al. prepared Co1.5Mn1.5O4 on carbon
and FeNx/C nanocomposite-supported catalysts for ORR [90]. They found that the best
yield for H2O2 was obtained with the carbon-containing composite catalyst (16.1%).

Sugawara et al. tested the influence of the morphology (tunnel, layer, and spinel-
type) of the Co1.5Mn1.5O4 catalysts [99] prepared in the solvothermal reaction of cobalt(II)
chloride and n-Bu4NMnO4 in isopropanol at 120 ◦C for 3 h. They studied both the OER
and ORR performance of the Co-Mn oxides on a rotating disk electrode at 1600 rpm. The
OER studies showed the order of linear shape, tunnel (7.8 times lower), and spinel type
(26 times lower) catalysts. They were stable for 500 cycles even in 1 M KOH electrolyte [99].
The same order was found for the ORR as well [99] (Table 9).

Table 9. Photocatalytic water splitting and ORR performances of different CoxMn3−xO4 spinels
(0 < x < 3).

CoxMn3−xO4
Precursors and

Preparation Conditions
Catalyst Results and

Conditions Refs. Remarks

x = 0.75

Hydrothermal, K3[Co(CN)6] and
MnII acetate, in 1:3 ratio, aqueous

solution with polyvinylpyrrolidone,
450 ◦C for 2 h

O2 evolution:
8.0 µmol yield: 21.3%,

TOF = 2.3·10−4 molO2·molmetal
−1·s−1

,
420 nm ≤ λ, in 0.1 M phosphate

[104] SBET = 61.4 m2 g−1,

x = 1
Solvothermal, CoII and MnII nitrate,
in 1:3 ratio, EtOH sol. on silica KIT-6,

reflux, 350 ◦C for 3 h

O2 evolution:
TOF < 2.5·10−4 molO2·molmetal

−1·s−1
,

400 nm ≤ λ, at pH 5.8 in the presence of
[Ru(bpy)3]2+ and Na2S2O8

[93] SBET = 93.8 m2 g−1,

x = 1

Solvothermal, CoII chloride and
MnII acetate, oleylamine, stearic acid

in xylene, 120 ◦C for 3 h,
reduced Graphene Oxide carrier

E1/2 = 890 mV at J = 11.44 mA·cm−2

A ≈ 0.5 mV·dec−1

Mass activity: 254.7 A·gmetal
−1

TOF = 0.4
disk rot. 1600 rpm, in
0.1 M KOH electrolyte

[98]

Crystallite size
distribution: 1.7–3 nm,

SBET = 412 m2 g−1,
dp = 3.7 nm
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Table 9. Cont.

CoxMn3−xO4
Precursors and

Preparation Conditions
Catalyst Results and

Conditions Refs. Remarks

x = 1
Hydrothermal, CoII and MnII

acetate, 1:2 ratio, aq. NH3, 140 ◦C for
20 h

O2 evolution: 10.56 µmol in 20 min
k = 5.76·10−3 µmol·s−1

knorm. = 1.20·10−4 µmol·g·s−1·m−2

300 W Xe-lamp, 400 nm ≤ λ

in the presence of [Ru(bpy)3]2+ and
Na2S2O8 in Na2SiF6 buffer (pH = 6)

[31] SBET = 48.05 m2 g−1,

x = 1

Electrospinning,
CoII and MnII acetate, 1:2 ratio,

mixed with polyvinylpyrrolidone in
DMF, 25 kV, 1.2 mL·h−1, 600 ◦C 3 h

Mass activity: 3.3 A·g−1

Spec. surface activity: 20 mA·cm−2

V = 0.7 (V vs. RHE)
in 0.1 M KOH electrolyte

[110]
SBET = 16.0 m2 g−1,

dp = 19.4 nm,
Vp = 0.078 cm3 g−1

x = 1.2

Solvothermal, MnII oleate and CoII

stearate, 1.5:1 ratio, 1-octadecene,
120 ◦C (vac.) for 1 h, 305 ◦C (N2

atm.) for 0.5 h, SrTiO3 carrier

Evolution:
O2: ~475 µmol and H2: ~225 µmol

disk rotation: 1600 rpm, 300 nm ≤ λ in
0.1 M phosphate electrolyte (pH = 6.9)

under 5 h

[9] No data

x = 1.5
Solvothermal, CoII chloride and
n-Bu4NMnO4, 1:1 molar ratio,
2-propanol, 3 h reflux, 120 ◦C

A = 40 mV·dec−1, TOF: 2.8·10−2 s−1; disk
rot. 1600 rpm,

0.63 cm2
BET·cm−2

disk
in 0.1 M KOH electrolyte

[99]

SBET = 223 m2 g−1,
TUNNEL

A = 38 mV·dec−1, TOF: 2.0·10−2 s−1; disk
rot. 1600 rpm,

0.63 cm2
BET·cm−2

disk
in 0.1 M KOH electrolyte

SBET = 35 m2 g−1,
LINEAR

A = 52 mV·dec−1, TOF: 2.8·10−2 s−1; disk
rot. 1600 rpm,

0.63 cm2
BET·cm−2

disk in 0.1 M KOH
electrolyte

SBET = 283 m2 g−1,
SPINEL

x = 1.5
CoII and MnII nitrate,

1:1 ratio, aq. NaHCO3, 24 h, 600 ◦C
for 2 h

H2 evaluation:
174 µmol, quantum yield: 1.47%
in 10 min TOF = 0.175 µmolH2·
mgcat.

−1·min−1
, Ea = 0.18 eV,

W-lamp (19 mW·cm−2), in
Na2SO4/Na2S2O3 electrolyte, pH = 13

[87]
SBET = 24.0 m2 g−1,

dp = 39 nm,
Vp = 0.026 cm3 g−1

x = 1.5
Trituration, CoII and MnII oxalate,
1:1 ratio, aqueous NH3., 400 ◦C for

2 h,
ultrasonic processing activated C

E1/2 = 760 mV at J = 6 mA·cm−2

A = 54 mV·dec−1,
Yield(H2O2) = 16.1%

Electron transfer number: 3.68,
1600 rpm, in 0.1 M KOH electrolyte

[108] No data

x = 1.5
Trituration, CoII and MnII oxalate,
1:1 ratio, aq. NH3, 400 ◦C for 2 h,

ultrasonic processing,
FeNx/C carrier

E1/2 = 820 mV at J = 6 mA·cm−2

A = 35 mV·dec−1,
Yield(H2O2) = 4.8%

Electron transfer number: 3.90
k = 11.7·10−2 cm·s−1

1600 rpm, in 0.1 M KOH electrolyte

[108] No data

x = 2
Hydrothermal method,

CoII and MnII acetate, 2:1 ratio,
aq. NH3, 150 ◦C for 3 h

TOF (Clark electrode) =
1.8·10−3 molO2·molmetal

−1·s−1

TOF (Reactor/GC system) =
8.7·10−4 molO2·molmetal

−1·s−1

300 W Xe-lamp, 400 nm ≤ λ
Na2SiF6–NaHCO3 buffer (pH = 5.8) in the

presence of [Ru(bpy)3]2+, Na2S2O8 and
Na2SO4

[76] SBET = 135 m2 g−1,
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CoxMn3−xO4
Precursors and

Preparation Conditions
Catalyst Results and

Conditions Refs. Remarks

x = 2
Hydrothermal, CoII and MnII

acetate, 2:1 ratio, aq. NH3, 140 ◦C for
20 h

O2 evolution: 13.04 µmol in 20 min
k = 7.22·10−3 µmol·s−1

knorm. = 8.35·10−5 µmol·g·s−1·m−2

300 W Xe-lamp, 400 nm ≤ λ

in the presence of [Ru(bpy)3]2+ and
Na2S2O8 in Na2SiF6 buffer (pH = 6)

[31] SBET = 86.46 m2 g−1,

x = 2

Electrospinning,
CoII and MnII acetate, 1:2 ratio,

mixed with polyvinylpyrrolidone in
DMF, 25 kV, 1.2 mL·h−1, 600 ◦C for

3 h

Mass activity: 4.1 A·g−1,
spec. surface activity: 21 mA·cm−2

V = 0.7 (V vs. RHE)
in 0.1 M KOH electrolyte

[110]
SBET = 19.3 m2 g−1,

dp = 21.1 nm,
Vp = 0.102 cm3 g−1

Jung et al. studied the OER and ORR activity of CoxMn3−xO4 (x = 1; 2) catalyst pre-
pared by electrospinning of CoII and MnII acetate and polyvinylpyrrolidone in DMF
(25 kV, 1.2 mL·h−1, 600 ◦C 3 h) [110] and found that these spinels reduced the dis-
charge/charge voltage gaps (improved the round-trip efficiency) of the Zn-air batteries [110].
Zhang et al. studied CoxMn3−xO4 (x = 1; 2) spinels on carbon nanotubes (CNTs, prepared
according to [71]) in OER and ORR processes in 0.1 M KOH solution [97]. Nissinen et al.
found that the formation of MnCo2O4 on a carbon support could be controlled [126], and
Zhang showed that better performance was achieved at 100 mA·cm−2 with η = 450 mV
than with η = 560 mV [97], whereas the onset potentials were around 1.53 V. Yoshinaga et al.
prepared Co-containing CoxMn3−xO4 (x = 0–1.2) catalysts (solvothermal reaction, MnII

oleate, and CoII stearate, 1-octadecene, 120 ◦C in vacuum for 1 h, 305 ◦C in N2 atmosphere
for 0.5 h, SrTiO3 carrier) and tested them in OER and photocatalytic O2 evolution reaction.
The results of the OER are summarized in Table 8. The best results in both OER and
photocatalytic O2 evolution reactions were obtained with the Co1.2Mn1.8O4 catalyst [9].

Besides the OER studies, Wei et al. conducted detailed photocatalytic and CeIV-
driven water oxidation reaction studies of cobalt manganese oxide spinels (prepared from
manganese(II) [hexacyanocobaltate(III)] hydrothermally with polyvinylpyrrolidone and
then calcined at 450 ◦C for 2 h) at room temperature with [Ru(bpy)3]2+ and Na2S2O8

additives in 0.1 M phosphate buffer (pH 7.0) [104]. An LED light source with a glass
filter (420 nm ≤ λ) was used. The evolved amount of O2 after 13 min was 8.0 µmol
and 21.3% yield was observed with the CoxMn3−xO4 (x = 0.75), which is lower than the
12.9 µmol O2 with 34.4% yield obtained for Co3O4 [104]. Rosen et al. applied mesomorph
CoMn2O4 catalyst (solvothermal synthesis from CoII and MnII nitrate in ethanol, on silica
KIT-6 sith and calcination at 350 ◦C for 3 h) in photocatalytic water oxidation (PWO) with
a xenon lamp, with [Ru(bpy)3]2+ and Na2S2O8 additives. Mn doping did not improve
the catalysis performance [93]. Kihal et al. used a three-electrode electrochemical cell
(Ag/AgCl reference electrode, platinum gauze as counter electrode, and the catalyst as
the working electrode) for testing the photocatalytic H2 evolution reaction efficiency of
Co1.5Mn1.5O4 spinel [87]. The catalyst was prepared from CoII and MnII nitrate with
aqueous NaHCO3 with subsequent calcination at 600 ◦C for 2 h, and the resultant spinel
had a p-type transition. They applied a tungsten lamp (φ = 1.39 · 1019 photons · s−1) and,
in the presence of 1.25 mg/L catalyst, in 10 min, 174 µmol H2 was produced (quantum
yield: 1.47%) in a Na2SO4/Na2S2O3 electrolyte, at pH = 13 [87].·

Zhang et al. tested a hydrothermally prepared MnCo2O4 catalyst (hydrothermal
method, CoII and MnII acetate, aqueous NH3, 150 ◦C for 3 h) in a Clark electrode and
Reactor/GC system [76]. Liu et al. [31] studied systems (x = 1 and 2, hydrothermal,
CoII and MnII acetate, aqueous NH3, 140 ◦C for 20 h), the same as Rosen et al. [93] and
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Zhang et al. [76], but the two studied catalysts (CoxMn3−xO4, x = 1 and 2) gave a similar
amount of O2 (10.56 and 13.04 µmol, respectively) [31]. Du et al. studied the catalytic
activity of CoMn2O4-rGO composite in ORRs and OERs. They found that the spinel
nanoparticles prepared in a solvothermal way from CoII chloride and MnII acetate in the
presence of oleyl amine and stearic acid in xylene at 120 ◦C for 3 h were good catalysts in
OERs (Table 8) and ORRs as well (Table 9) [98].

3.5. Application in Advanced Oxidation Processes (AOPs)

Recently, the removal of organic pollutants from wastewater, like pharmaceutical
compounds or VOCs, has become an intensively studied area. The advanced oxidation
processes (AOPs) with hydrogen peroxide (H2O2) or its precursors represent promis-
ing environmentally friendly strategies, including Fenton/Fenton-like oxidations [32–34],
ozonization [36], or peroxymonosulfate mediated oxidations [35].

Wang et al. studied CoxMn3−xO4 (x = 1 and 2) catalyst prepared from cobalt(II) nitrate
and KMnO4 with aqueous maleic acid with subsequent heating at 500 ◦C for 4 h and
tested the AOP decomposition in toluene with and without peroxymonosulfate (PMS)
oxidant [100]. Without PMS, the efficiency of the CoxMn3−xO4 spinel catalysts was 38, 49,
and 2% at x = 1, 2, and 3, respectively. The combination of the spinel catalysts with PMS
increased the conversion up to 97.3% (x = 1), and the efficiency was 95% in 180 min. The
concentration of CO2 in the formed gaseous mixture was 80–205, 72–180, and 50–60 ppm,
or the total amount of CO2 in 180 min was 20,791, 16,580, and 7564 ppm for the spinels with
x = 1, 2 and 3, respectively. In the presence of PMS, the exhausted gaseous mixture of the
TOC (total organic carbon) and IC (inorganic carbon) values were 0.927 and 10.96 mg/L,
4.264 and 3.09 mg/L, and 5.284 and 4.635 mg/L, for the catalysts with x = 1, 2, and 3,
respectively. The PMS concentration influenced the conversion (83.2, 97.3, and 96.5% at
c = 0.02, 0.1, and 0.2 g/L, respectively) with the use of spinels with x = 1. The catalytic
activity depended on pH; the best choice was an acidic media between pH = 3 and 7 (the
conversion was 97%), but at pH = 1 and 11, the conversions were 55 and 27%, respectively.
The catalyst was structurally stable even after 27 h at pH = 3. The authors tested the
performance of the catalysts with tap water, then the efficiency dropped to 80.22% [100].
The best results were found at 30 ppm toluene concentration. These and some other
catalytic results are summarized in Table 10.

Table 10. The effect of CoxMn3−xO4 (0 < x < 3) in advanced oxidation processes (AOPs).

CoxMn3−xO4
Precursors, Preparation Method,

and Conditions
Catalyst Results and

Conditions Refs. Remarks

x = 0.75

Carbon template
cations-adsorption-calcination
method, CoII and MnII acetate,

1:3 ratio, 500 ◦C for 2 h

Norfloxacin (20 ppm) deg.: 94% and
TOC: 42.5% in 80 min

Xe lamp, 400 nm ≤ λ, in the presence of
PMS (0.2 g/L), T = 45 ◦C pH = 6.5

[62] SBET = 29 m2 g−1,
dp = 3.2 nm,

x = 1
CoII nitrate and

KMnO4, 1:1 molar ratio, aq. maleic
acid, 500 ◦C for 4 h

Toluene (g) degrad. (500 mL/min), 49% in
80 min, no PMS

[100]
SBET = 98.21 m2 g−1,

dp = 7.818 nm,
Vp = 0.254 cm3 g−1

Toluene (g) degrad. (500 mL/min), 97.3%
in 80 min, 95% in 180 min,

TOC = 0.927 mg/L, IC = 10.96 mg/L
in the presence of PMS 0.1 g/L

x = 1

Co-axial electrospinning,
DC = 13 kV and 10 µL·min−1 flow

rate, CoII and MnII acetate, 1:2
ratio, 900 ◦C (N2) for 100 min, 250
◦C in the air for 30 min, on carbon

nanofibers carrier (made
form PMMA)

Rhodamine B degradation (50 µM),
100% in 40 min, kdeg, = 0.093 min−1

in the presence of PMS at 20 ◦C, pH = 3.28
[127]

SBET = 352.2 m2 g−1,
dp = 1.78 nm, Vp =

0.184 cm3 g−1Rhodamine B degradation (50 µM),
100% in 5 min, kdeg, = 0.3406 min−1

in the presence of PMS at 50 ◦C, pH = 3.28
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Table 10. Cont.

CoxMn3−xO4
Precursors, Preparation Method,

and Conditions
Catalyst Results and

Conditions Refs. Remarks

x = 1

CoII and MnII nitrate, 1:2 molar
ratio, aqueous solution, 90 ◦C for

2 h,
250 ◦C for 2 h, on HNT

(w = 40%) carrier

CBZ degradation (21.16 µM),
100% in 20 min, TOC/IC = 60%,

kdeg,CBZ = 0.168 min−1; SMZ and TC
degradation 90%<, OFX = 65% in 30 min,
in the presence of PMS (0.1 mM), pH = 5.8.

[72] SBET = 66.0 m2 g−1,
Vp = 0.38 cm3 g−1

x = 2
CoII nitrate and

KMnO4, 1:2 molar ratio, aq.
solution, 70 ◦C for 70 min, 350 ◦C

for 2 h

Ciprofloxacin degrad. (c = 10 mg/L):
81% in 100 min in the presence of

68 mg/L H2O2, kdeg,H2O2 = 0.284 min−1
[101]

SBET = 111.4 m2 g−1,
dp = 6.327 nm,

Vp = 0.212 cm3 g−1

x = 2
Hydrothermal, Co and Mn

chloride, 2:1 ratio, aq. solution
urea, 120 ◦C 6 h, 400 ◦C 2 h

MB degradation (20 ppm):
96.7% (20 min) and 100% (25 min) in the

presence of
Oxone (500 ppm), T = 30 ◦C, pH = 3.5.

[80] No data

x = 2

Hydrothermal, Co and Mn acetate,
2:1 ratio, aqueous

monoethyleneglycol, pH = 10,
180 ◦C 8 h, thin-film annihilation

on glass 550 ◦C 2 h

Acid Black 1 dye (11.10 ppm)
Conv.: ~100% TOC: 91%

in 2.5 h in water
[77] No data

Kang et al. [127] tested a Co1.5Mn1.5O4 catalyst prepared by coaxial electrospinning
from CoII and MnII acetates and fixed on a hollow activated carbon nanofibers carrier.
The subject of the test was PMS-activated Rhodamine B (RhB) degradation at various
pH (2.7–9.2), temperature (10–50 ◦C), RhB concentration (50–200 µM), and flow rate
(1–2 mL·min−1) settings in batch reaction and in continuous-flow tests, as well. The effect
of the conditions on RhB degradation is summarized in Figure 9 [127].

The catalyst (x = 1) and PMS degraded RhB (c = 50 µM) after 80 min only in 2% and
12%, respectively; however, the catalyst and PMS together degraded RhB within 40 min
and 5 min at room temperature and 50 ◦C, respectively, in 100% [127]. The best pH range
was 2.7–7.2; the best PMS concentration was 3 mM. The RhB degradation after 5 cycles
was 83.7% in 40 min; however, after regeneration with calcination at 150 ◦C for 1 h, 100%
degradation could be reached in 40 min [127]. The continuous-flow test showed that the
breakthrough of RhB occurs after 120 min at the flow rate of 2 mL·min−1 [127].

Dung et al. synthesized a Co2MnO4 catalyst with a hydrothermal method with
urea as an ammonia precursor and studied its catalytic effect in the AOP degradation of
organic dyes in detail [80]. The effect of catalyst dosage, oxidant and dye concentrations,
temperature, and pH with different kinds of dyes (RhB, Metil orange, OG, and Methylene
blue (MB)) were tested with and without peroxodisulfate (PS), peroxymonosulfate (PMS),
and H2O2 [80] (Figure 10). It was found that the best order of adding the components of the
AOP reaction was the MB–catalyst–PMS. The catalyst and PMS degraded MB only by 5.2%
and 10.9%, respectively, whereas they together reached 96.7% degradation in 20 min [80].
With a six-fold increase in the catalyst dosage, the degradation of MB raised to 99.2% (from
37.8%) in 10 min, whereas an increase in the amount of Oxone (by 3 times) resulted in a
change of degradation from 56.2 to 91.8% in 20 min [90]. In contrast, the increased dosage
of the MB concentration had a negative effect on the degradation rate (69.2% degradation
in 20 min). A shorter reaction time resulted from increasing the temperature since at
55 ◦C, 91.5% degradation was reached in 4 min. The best pH range was 4.5 to 7.0; in this
range, at least 96% degradation was obtained in 14 min, whereas below or above this pH
range, the degradation dropped. The degradation efficiency for different dyes decreased
in the following order: MO > OG > RhB > MB (Figure 10) [80]. It was found that the
concentration of Cl−, even in 20 mM, inhibited the degradation and resulted in only 27.1%
efficiency. For other anions, the following values were found in 20 min for MB: 96.7, 81.8,
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and 58.6% for NO3
−, CO3

2−, and HCO3
−, respectively. If the PMS was changed to PS

or H2O2, the degradation in 20 min dropped to 48.5 and 39.4%, respectively [80]. The
photocatalytic decomposition of acid Black 1 textile dye catalyzed by Co2MnO4 prepared
by a hydrothermal method from acetate salts in ethylene glycol was tested by Habibi et al.
and found that after 2.5 min almost a complete decomposition and 91% TOC could be
reached [77].
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Figure 9. The effect of conditions on PMS-activated Rhodamine B (RhB) degradation in the presence
of Co1.5Mn2.5O4 catalyst on a hollow activated carbon nanofibers carrier as reported by Kang et al.
[B35]. (a) Effect of T, when cRhB = 50 µM, ccatalyst = 0.02 g/L, cPMS = 1 mM, pH 3.28, (b) effect of
presence of PMS, when (cRhB = 50 µM, ccatalyst = 0.02 g/L, T = 25 ◦C, pH 3.28), (c) effect of different
catalysts, when cRhB = 50 µM, T = 25 ◦C, cPMS= 1 mM, pH 3.28, and (d) effect of pH, when cRhB = 50 µM,
ccatalyst = 0.02 g/L, T = 25 ◦C, cPMS = 1 mM. Reproduced from ref. [127].

Yang et al. prepared CoMn2O4 from nitrate salts with co-precipitation and fixed
on halloysite, a natural mineral nanotube (HNT), and tested in PMS-supported AOP
of pharmaceuticals such as carbamazepine (CBZ), ofloxacin (OFX), tetracycline (TC), or
sulfamethoxazole (SMZ) in water [72]. Without PMS, the degradation of the CBZ was
6.2 and 6.7% when the HNT amount was 40 and 60%, respectively, after 30 min. When
PMS was present, every CoMn2O4-HNT combination reached 80% CBZ conversion after
20 min, and the highest kdeg,CMZ (0.168 min−1) was obtained with the 40% HNT-containing
catalyst. The increase in PMS concentration from 0.05 mM to 0.1 M almost completed the
degradation; the optimal pH was found to be between 5.8 and 7.5. The degradation of CBZ
was 90% after 3 cycles (each cycle was 45 min), and a small amount of Co and Mn were
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leached from the catalyst with a slight change in structure followed by the PXRD study [72].
Other pharmaceuticals, such as SMZ and TC, were degraded by over 90%, whereas OFX
degradation was 65% in 30 min [72].
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blue degradation with and without PS, PMS, and H2O2 in the presence of Co2MnO4 catalyst (a–e)
and different dyes (f). Reproduced from ref. [80].

Li et al. prepared different Co-containing Co-Mn spinel oxide (CoxMn3−xO4 with
x = 0.75, 1.5, and 2.25) photocatalysts from acetate salts on a carbon template for the AOP
decomposition reaction of Norfloxacin (NOR) in the presence of PMS [62]. Exposition
to visible light did not decompose NOR; however, in the presence of the catalysts, <5%
degradation was achieved. The catalyst and PMS together resulted in 64% degradation in
80 min. The best result was achieved when PMS, a catalyst with x = 0.75, and light were
applied together (93%) at pH 6.5; <0.2 g/L catalyst and 0.08 g/L PMS were used [62]. The
TOC removal was 42.5% after 80 min [62].
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3.6. CoxMn3−xO4 (0 < x < 3) Catalysts in the Fischer–Tropsch Processes

One of the most essential topics of environmental sciences is to reduce the emission
of greenhouse gases into the atmosphere to avoid global warming via decreasing fossil
CO2 emissions. The Fischer–Tropsch synthesis (FTS) [27,128,129] is one of the key routes
to use renewable resources in fuel production because both H2 and CO may be produced
from biomass [130], which is usually used in households as heating material [131]. The
Fischer–Tropsch method ensures the production of high-value basic chemicals, as well [26].

Paterson et al. studied different CoxMn3−xO4 (x = 0–1.5) catalysts prepared from
cobalt(II) nitrate and manganese(II) acetate and impregnated onto TiO2 in FTS in a detailed
manner and found that heavier alcohols and olefins were formed as the main products [26].
The selectivity of C5+ hydrocarbons decreased with the increase in Mn content in the cat-
alyst (Figure 11) [26]. The results are summarized in Table 11. The active components of
the catalyst (e.g., Co2C) were formed via the decomposition of the starting spinel [26]. Li
et al. observed similar Co2C formation from Co2MnO4 prepared from Mn3O4 with man-
ganese(II) nitrate impregnation, which resulted in acceptable conversions (Table 11) [25].
The pretreatment of the catalysts with H2 before the FTS test resulted in Co and Mn oxides
and Co2C in larger amounts than without hydrogenation, and the selectivity of the FTS
reaction shifted to the direction of linear paraffinic hydrocarbon formation [26]. Lindley
et al. performed FTS tests with a small amount of Mn containing bimetallic catalysts
(CoxMn3−xO4 (2.73 ≤ x)) and found that the mixed oxide slowly transformed into other
materials, like CoO or elemental cobalt; however, the catalytic activity was good, since this
results in 90% selectivity for C5+ products [28].
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Table 11. Catalytic performance of different CoxMn3−xO4 (0 < x < 3) oxides in Fischer–Tropsch
synthesis.

CoxMn3−xO4
Precursors, Preparation Method,

and Conditions
Catalyst results and

conditions Refs. Remarks

x = 1.5

Co-precipitation with activated
carbon, CoII and MnII nitrate,

1:1 ratio,
aq. 28–30% NH3, 500 ◦C for 5 h,

CO conversion: 48.0%,
selectivity.: CH4: 7.0%, C2: 4.3%,
C3: 16.1%, C4: 7.6%, C5 +: 43.4%,

CO2: 20.4%, alcohols: 2.2%
T =240 ◦C, CO:H2 1:1, 6 bar,

GHSV: 600 h−1, t = 135 h

[29] particle size: 9.3 nm

x = 2
CoII and MnII nitrate, 2:1 ratio, aq.
solution, 30 ◦C for 2 h, 330 ◦C for

3 h

1 bar, 250 ◦C, V: N2/H2/CO = 3/64.6/3
12,000 mL·h−1·gcat

−1, [25]
SBET = 22.3 m2 g−1,

dp = 16.9 nm,
Vp = 0.11 cm3 g−1

x = 2
Impregnation, Co3O4 with MnII

nitrate, 2:1 ratio, aq. solution,
35 ◦C for 2 h, 200 ◦C 3 h

1 bar, 250 ◦C, V: N2/H2/CO = 3/64.6/3
12,000 mL·h−1·gcat

−1, [25]
SBET = 49.8 m2 g−1,

dp = 9.5 nm,
Vp = 0.13 cm3 g−1

x = 2
CoII nitrate, MnII acetate,

aqueous solution,
impregnation on TiO2

Tmax = 219 ◦C, CO conversion: 35%,
Selec.: CH4: 11%, alcohol: 48% olefins: 4%,

esters: 12%
H2 consumption: 2998 µmol·g−1

1.8 H2:CO, 30 barg, GHSV = 1500 h−1
[26]

SBET = 50.0 m2 g−1,
dp = 33 nm,

Vp = 0.28 cm3 g−1

X = 2.15
CoII nitrate, MnII acetate, aq. soln.,

impregnation on TiO2

Tmax = 218 ◦C, CO conversion: 37%,
selec.: CH4: 6%, alcohol: 51% olefins: 5%,

esters: 10%
H2 consumption: 2944 µmol·g−1

1.8 H2:CO, 30 bar, GHSV = 1500 h−1

x ≈ 2.75
Co-impregnation on TiO2, aq. sol.
of CoII nitrate and MnII acetate,

10:1 ratio, 300 ◦C for 2 h

CO conversion: 62.3%,
selec.: CH4: 4.0%, C2-C4: 5.9%,

C5+: 67.0%
1.8 H2:CO, 30 bar, GHSV = 1500 h−1

[26]
SBET = 50.0 m2 g−1,

dp = 33 nm,
Vp = 0.28 cm3 g−1

x > 2.75¤

Co-impregnation on TiO2,
aqueous solution of CoII nitrate

and MnII acetate, 10:1 ratio, 300 ◦C
for 2 h

CO conversion: 59.7%,
selectivity: CH4 8.8%, C2-C4: 25.2%,

C5+: 90.4%
1.8 H2:CO, 30 bar, GHSV = 1500 h−1

x = 2.78
CoII and MnII nitrate, 13:1 ratio,

dried on CNTs at 60 ◦C,
pyrolyzed at 360 ◦C for 2 h

Selectivity: CH4: 23%, C2-C4: 31%,
CH5+: 46%

ratios: C2
=/C2 = 0.37, C3

=/C3 = 4.9,
C4

=/C4 = 2.5, C5
=/C5 = 1.5

km,CO,220◦C = 31·10−4 m3·kgCo
−1·s−1

Ea = 118 kJ·mol−1,
1 bar, 220 ◦C, H2 to CO 2:1

[30] SBET = 205 m2 g−1,Selectivity: CH4: 9%, C2-C4: 33%,
CH5+: 58%

ratios: C2
=/C2 = 1.0, C3

=/C3 = 2.0,
C4

=/C4 = 1.5, C5
=/C5 = 1.5

km,CO,220◦C = 0.9·10−4 m3·kgCo
−1·s−1

Ea = 163 kJ·mol−1,
30 bar, 220 ◦C, H2 to CO 2:1

Iqbal et al. prepared Co1.5Mn1.5O4 supported on activated carbon and studied its
catalytic effect in FTS [27]. The stability of the catalytic performance was the same with and
without support. However, the steady-state time was only 45 h for the carbon-supported
one, compared to the 90 h of the bare catalyst, and the conversion values of CO were also
different (48 and 36%, respectively) [27]. The selectivity was shifted to the direction of the
C3+ products (67.1%) instead of 29.7% as an effect of the carbon support [27]. The best
conversion and selectivity ratio were observed for the catalyst prepared at 500 ◦C; the
selectivity for C5+ products was 89.6%, but the conversion was low (18.1%). The aging of
the co-precipitated hydroxides negatively affected the conversion and selectivity [27].

Thiessen et al. studied low-Mn containing CoxMn3−xO4 (x ≤ 2.78) spinel oxides on a
CNT carrier in FTS at 1 and 30 bar pressure; the effect of Pt or Ru co-catalysts was also tested
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[B128]. The small amount of Mn doping positively affected the C5 selectivity. However, the
trimetallic system was not found to be better than the simple Co-Mn-CNT composite [B128].
Similarly, the increase in pressure had no drastic effect on the reaction rate, but less CH4

and more C5+ hydrocarbons were formed, and the amount of unsaturated hydrocarbons
also decreased (Table 11) [30].

4. Conclusions and Outlook
Preparation methods and the catalytic activity of CoxMn3−xO4 (0 < x < 3) spinels

and multiphase materials with the formula CoxMn3−xO4 for wide-scale industrial and
environmental applications are summarized.

The variability of the preparation and annealing methods results in a critical influence
on the composition, crystallinity, and surface layer chemistry. The range of compositions
and preparation routes of cobalt manganese oxide spinels unambiguously shows that the
catalytic properties of these spinels depend not only on the Co to Mn ratio but also on the
distribution of the metal ions with their particular valence between the tetrahedral (A) and
octahedral (B) spinel lattice sites. These metal valence and site distributions controlled
by the synthesis conditions play a critical role in the catalytic activity of the CoxMn3−xO4

(0 < x < 3) spinels. Thus, the catalytic features of CoxMn3−xO4 (0 < x < 3) spinels can
easily be controlled with the synthesis conditions, including the reaction routes, Co to Mn
ratios, the valences of the metals in the precursor compounds, the counter-ions, reagent
concentrations, temperature, time, and other reaction and annealing conditions.

The properties and catalytic activities of CoxMn3-xO4 (0 < x < 3) catalysts prepared by
various traditional solid-phase and solution-phase (precipitating reactions) methods for
the removal of volatile organic compounds like toluene or inorganic gases such as CO and
NOx from the air, removal of textile dyes, and pharmaceuticals from water were reviewed.
The Fischer–Tropsch reactions catalyzed with these cobalt manganese oxide spinels were
also reviewed, together with oxidation reactions of organic compounds, e.g., to prepare
2,5-diformylfurane or vanillin, and other oxygen evolution and reduction reactions, as well.

In summary, in different catalytic reactions with various CoxMn3−xO4 spinel catalysts,
there are significant differences in applicability. For example, in toluene conversion and
NH3-SCR reactions, catalysts with x < 1.5 are preferred. In the case of advanced oxidation
processes when x = 1, excellent degradation of organic pollutants can be achieved, whereas
in the conversion of 5-hydroxymethylfurfural, the best results were obtained at x = 2. In the
case of OERs or ORRs, the boundary line falls to x = 1.5, whereas a small amount of Mn or
Co is enough to get a good conversion ratio with high selectivity for heavier hydrocarbons
in the Fischer–Tropsch reactions.

The summarized results show the justification of research on new synthesis routes like
the solid phase quasi-intramolecular redox reactions, which can produce cobalt manganese
oxide spinel structures markedly different from those obtained by the well-known sol-gel
or precipitation methods. One can prepare amorphous materials even below 150 ◦C, which
shows better catalytic performance than the crystalline product in various electrocatalytic
reactions due to their flexible structure and the presence of numerous active sites [132].
Additionally, the post-heat treatment of the amorphous products allows adjustment of the
crystallite sizes and fine-tuning of the properties, e.g., phase purity, grain size, and the
catalytic activity in a particular process.
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Abstract: The pursuit of carbon neutrality has accelerated advancements in sustainable
hydrogen production and storage methods, increasing the importance of methanol steam
reforming (MSR) technology. Catalysts are central to MSR technology and are primarily
classified into copper-based and noble metal-based catalysts. This review begins with
an examination of the active components of these catalysts, tracing the evolution of the
understanding of active sites over the past four decades. It then explores the roles of
various supports and promoters, along with mechanisms of catalyst deactivation. To
address the diverse perspectives on the MSR reaction mechanism, the existing research
is systematically organized and synthesized, providing a detailed account of the reaction
mechanisms associated with both catalyst types. The discussion concludes with a forward-
looking perspective on MSR catalyst development, emphasizing strategies such as anti-
sintering methods for copper-based catalysts, approaches to reduce byproduct formation in
palladium-based catalysts, comprehensive research methodologies for MSR mechanisms,
and efforts to enhance atomic utilization efficiency.

Keywords: methanol steam reforming; hydrogen production; copper-based catalysts;
palladium-based catalysts; reaction mechanism

1. Introduction
The extensive use of non-renewable fossil fuels such as coal, oil, and natural gas

has caused the world to face significant challenges, including energy crises and climate
change. To overcome such challenges, hydrogen, as an ideal renewable and clean energy
source, has become a powerful alternative, although challenges in storage and transport
remain [1–3]. Therefore, hydrogen production technologies at end-use locations, to sus-
tainably supply this clean energy source with high calorific value, have become a major
trend. The emergence of liquid organic hydrogen carriers (LOHCs), which can produce
hydrogen by activating certain chemical bonds in the presence of catalysts, offers unlimited
possibilities for in situ H2 generation [4]. Methanol is an ideal LOHC, because it has a high
hydrogen storage density of 99 kg m−3 and is inexpensive and widely available, being
derived from biomass or CO2 hydrogenation [2]. Hydrogen production from methanol can
be carried out through the thermocatalytic process of methanol steam reforming (MSR),
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with the overall reaction represented by Equation (1) [5]. This includes two side reactions:
methanol decomposition (MD, Equation (2)) and water-gas shift (WGS, Equation (3)).

CH3OH + H2O↔ CO2 + 3H2 ∆Hθ = +49.2 kJ/mol (1)

CH3OH↔ CO + 2H2 ∆Hθ = +91.0 kJ/mol (2)

CO + H2O↔ CO2 + H2 ∆Hθ = −41.1 kJ/mol (3)

In practical applications, polymer electrolyte membrane fuel cells (PEMFCs) running
on hydrogen require a CO-free hydrogen source to avoid poisoning of the anode catalysts
of the cells [6,7]. In addition, a continuous and stable hydrogen source is a necessary
guarantee. Therefore, developing MSR catalysts that exhibit high methanol conversion and
hydrogen yield, low CO selectivity, and long-term stability is a critical and challenging
task. To date, different kinds of MSR catalysts have been developed, among which copper-
based (represented by Cu/ZnO/Al2O3) and palladium-based (represented by Pd/ZnO)
catalysts predominate. These two types of catalysts have been proven to exhibit reliability
and high efficiency under demanding conditions, making them the catalysts of choice for
industrial hydrogen production via MSR. Furthermore, packed-bed reactors are the most
commonly used [8], and reaction conditions such as the water-to-methanol ratio, reaction
temperature, and weight hourly space velocity (WHSV) have a direct impact on the kinetics
of the MSR reaction [9,10]. Generally, catalytic activity increases with higher water-to-
methanol ratios and rising reaction temperature, up to a certain limit. The WHSV of
methanol is usually in the range of 1–10 h−1. Therefore, when evaluating the performance
of MSR catalytic materials, it is essential to consider the reaction conditions to ensure a
comprehensive assessment.

The research progress on copper-based and noble metal-based catalysts applied in
methanol steam reforming for hydrogen production is examined in this paper, with a focus
on developments from the late 20th century to the most recent findings (Figure 1). The
analysis includes a detailed exploration of the catalytic components of these two types
of catalysts, specifically the active metals, supports, and promoters, with an emphasis on
their structure–activity relationships. Following this, the study delves into the reaction
mechanisms and deactivation processes involved. The performance of both catalyst types
is assessed, highlighting key scientific challenges that persist in the field. An outlook on
potential strategies for overcoming these challenges is also provided, aiming to contribute
to a deeper understanding of MSR catalysts.
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copper was active in this reaction. However, due to the complexity of the MSR process, 
the rich redox chemistry of copper, and the limitations of catalyst characterization tech-
niques at that time, fundamental scientific questions such as the intrinsic active sites and 
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Figure 1. An overview of methanol steam reforming catalysts.

2. Copper-Based Catalysts
The development of copper-based catalysts for methanol steam reforming can be

traced back to the late 20th century, when Takezawa et al. [11] discovered that metallic
copper was active in this reaction. However, due to the complexity of the MSR process, the
rich redox chemistry of copper, and the limitations of catalyst characterization techniques
at that time, fundamental scientific questions such as the intrinsic active sites and structure–
activity relationships of copper-based catalysts in MSR were not fully resolved [12]. Over
the past decade, with the gradual emergence of related research findings (Table 1), signif-
icant progress has been made in the rational design of catalysts and the development of
application technologies.
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2.1. Performance
2.1.1. Active Sites

Under reaction conditions, various copper species (Cu0, Cuδ+/Cu+) usually coexist
on the copper-based catalysts, which adds complexity to identifying active sites. By using
isotope-labeling experiments, in situ spectroscopy, and density functional theory (DFT)
calculations [37], the role of Cu0 species on Cu@mSiO2 (CuO core/mesoporous silica shell)
catalysts was elucidated (Figure 2a). It was shown that Cu0 sites enabled the cleavage
of the O-H bond and the C-H bond in methanol (CH3OH), promoting the generation
of the main intermediate methyl formate (HCOOCH3) rather than the byproduct CO.
Therefore, the activity and selectivity could be adjusted by controlling the ratio of Cu0 and
Cu+. The process of transforming from methanol to methyl formate has generally been
considered as a prototypical C1 chemical reaction, such as in MSR. The 5 wt.%Cu5Zn10Al
catalyst prepared by Mrad et al. [15] exhibited high activity, which was believed to be
related to the presence of stable Cu+ ions, regarded as the most active species in the MSR
reaction. These conflicting views on active sites prompted more researchers to delve into
this area. Ma et al. [38] constructed a catalyst with dual Cu0 and Cu+ sites on an SBA-15
support, achieving a hydrogen production rate of up to 1145 mol kgcat

−1 h−1. Studies
suggested that the significant performance enhancement was due to a Cu+-dominated
dual-site reaction pathway replacing the traditional Cu0-dominated single-site pathway
(Figure 2b). A synergistic effect was found between Cu0 and Cu+, with sufficient Cu+

accelerating the reaction rate, while Cu0 was crucial for H2 desorption. Xu et al. [7]
designed an inverse ZrO2/Cu catalyst, achieving high activity, high stability, and CO-
free production in MSR. On this inverse catalyst, experimental and theoretical studies
indicated that its superior performance was closely related to the presence of ZrO(OH)-
(Cu+/Cu) composite sites. These sites promoted the formation of H2 and CO2 via the
formate (HCOOH) intermediate, thus preventing the continuous dehydrogenation of
methanol to form CO. Meng et al. [12] constructed Cu0-Cu+ dual sites on Cu/Cu(Al)Ox

catalysts, and, through in situ spectroscopic characterization and theoretical calculations,
found that oxygen-containing intermediates, methoxy (CH3O*) and formate, adsorbed
with moderate strength at these sites during the MSR reaction process. This promoted
the transfer of electrons from the catalyst to surface species, significantly reducing the
energy barrier for the cleavage of the C-H bond in the methoxy and formate intermediates
(rate-determining steps). The optimized catalyst exhibited a methanol conversion rate
of 99.5%, with a corresponding hydrogen production rate of 110.8 µmol s−1 gcat

−1, and
maintained stability at 240 ◦C for over 300 h. Ma et al. [26] designed Cu/Ce1−xZrxO2 solid
solution catalysts and demonstrated that optimal catalytic performance was achieved when
the ratio of Cu+/Cu0 was approximately 1.0. Through the integration of diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) experiments and DFT calculations, they
elucidated that the CH3OH molecule was activated upon adsorption at the Cu+ site, while
the H2O molecule was activated at the Cu0 site. Liu et al. [13] proposed that a dynamic
Cu0/+ site and an adjacent Cu0 site were the active sites. Water is activated on the Cu0

site, oxidizing it to Cu+-OH species. These Cu+-OH species subsequently promote the
formation of reactive formate that produces H2 and CO2 upon dehydrogenation, while
reducing Cu+ back to Cu0. The synergistic interaction between these two types of sites
governs the overall reaction performance. As seen in the above studies, the perspective that
the Cu0-Cu+ dual sites synergistically catalyze the MSR reaction seems to be more reliable.
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Figure 2. (a) Reaction pathways over different copper sites (Cu0 or Cu+) in methanol dehydrogena-
tion (reproduced with permission from ref. [37], Copyright 2018 Wiley); (b) the hypothetical reac-
tion paths on the dual sites of copper species (Cu0 and Cu+) and the single Cu0 site [38]; (c) HRTEM 
images of the activated CuZnO/γ-Al2O3/Al catalyst (reproduced with permission from ref. [39], 
Copyright 2021 Elsevier); (d) high-angle annular dark-field scanning transmission electron micros-
copy (HAADF-STEM) images and corresponding EDS elemental maps of the CuZnAl-R10 catalyst 
(reproduced with permission from ref. [17], Copyright 2022 Springer Nature). 

In addition to the view that various Cu species are active sites for the MSR reaction, 
many studies have focused on interface sites. Through ambient-pressure X-ray photoelec-
tron spectroscopy (AP-XPS) and Auger electron spectroscopy (AES), Rameshan et al. [6] 
demonstrated that the Cu(Zn)0/Zn(ox) interface was the active site on Cu/ZnO catalysts. 
The Cu(Zn)0 region facilitated the selective dehydrogenation of methanol to formalde-
hyde (HCHO), while the redox-active Cu(Zn)0-Zn(ox) interface aided in the activation of 
water and the subsequent transfer of the resulting hydroxide to the formaldehyde, provid-
ing optimal conditions for high CO2 activity and selectivity. Zhang et al. [39] prepared a 
series of CuZnO/γ-Al2O3/Al catalysts for the MSR reaction with enhanced durability. Fur-
ther studies involving high-resolution transmission election microscopy (HRTEM), X-ray 
photoelectron spectra (XPS), and DFT calculations revealed that ZnO maintained an opti-
mal Cu+/Cu0 ratio and formed numerous Cu2O/ZnO synergistic sites (Figure 2c). This sig-
nificantly reduced the activation energy for the rate-determining step of methoxy dehy-
drogenation in the MSR reaction (1.17 eV), compared to Cu/ZnO (1.25 eV) and Cu (1.36 
eV). Through an adsorbate-induced strong metal–support interaction [17], the migration 
of ZnOx to the surface of Cu0 nanoparticles occurred on commercial Cu/ZnO/Al2O3 cata-
lysts, generating abundant Cu-ZnOx interface sites (Figure 2d), which doubled the cata-
lytic activity for the MSR reaction. Mao et al. [14] elucidated the importance of the Cu-
Al2O3 interface site for the MSR reaction using Cu/Al2O3 and inverse Al2O3/Cu catalysts. 
Combining quasi-in situ X-ray photoelectron spectroscopy, in situ CO DRIFTS, and in situ 
temperature-programmed DRIFTS methods, they demonstrated that the formate species 
adsorbed on the interfacial site (HCOO-CuAl) dissociated more rapidly to CO2 and H2 
than those adsorbed on Al2O3 (HCOO-Al). The optimal sample with abundant Cu-Al2O3 
interface sites thus showed a high hydrogen production rate of 147.6 µmol g−1 s−1 at 250 
°C. The aforementioned studies highlight the significance of interface sites in the MSR 
reaction, and the formation of these sites is often associated with the carrier materials. For 
example, Jin et al. [40] identified the Cu-OV-Ce interface as the critical active site in their 
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Figure 2. (a) Reaction pathways over different copper sites (Cu0 or Cu+) in methanol dehydrogenation
(reproduced with permission from ref. [37], Copyright 2018 Wiley); (b) the hypothetical reaction paths
on the dual sites of copper species (Cu0 and Cu+) and the single Cu0 site [38]; (c) HRTEM images of
the activated CuZnO/γ-Al2O3/Al catalyst (reproduced with permission from ref. [39], Copyright
2021 Elsevier); (d) high-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) images and corresponding EDS elemental maps of the CuZnAl-R10 catalyst (reproduced with
permission from ref. [17], Copyright 2022 Springer Nature).

In addition to the view that various Cu species are active sites for the MSR reaction,
many studies have focused on interface sites. Through ambient-pressure X-ray photoelec-
tron spectroscopy (AP-XPS) and Auger electron spectroscopy (AES), Rameshan et al. [6]
demonstrated that the Cu(Zn)0/Zn(ox) interface was the active site on Cu/ZnO catalysts.
The Cu(Zn)0 region facilitated the selective dehydrogenation of methanol to formaldehyde
(HCHO), while the redox-active Cu(Zn)0-Zn(ox) interface aided in the activation of water
and the subsequent transfer of the resulting hydroxide to the formaldehyde, providing
optimal conditions for high CO2 activity and selectivity. Zhang et al. [39] prepared a
series of CuZnO/γ-Al2O3/Al catalysts for the MSR reaction with enhanced durability.
Further studies involving high-resolution transmission election microscopy (HRTEM),
X-ray photoelectron spectra (XPS), and DFT calculations revealed that ZnO maintained
an optimal Cu+/Cu0 ratio and formed numerous Cu2O/ZnO synergistic sites (Figure 2c).
This significantly reduced the activation energy for the rate-determining step of methoxy
dehydrogenation in the MSR reaction (1.17 eV), compared to Cu/ZnO (1.25 eV) and Cu
(1.36 eV). Through an adsorbate-induced strong metal–support interaction [17], the migra-
tion of ZnOx to the surface of Cu0 nanoparticles occurred on commercial Cu/ZnO/Al2O3

catalysts, generating abundant Cu-ZnOx interface sites (Figure 2d), which doubled the
catalytic activity for the MSR reaction. Mao et al. [14] elucidated the importance of the
Cu-Al2O3 interface site for the MSR reaction using Cu/Al2O3 and inverse Al2O3/Cu cata-
lysts. Combining quasi-in situ X-ray photoelectron spectroscopy, in situ CO DRIFTS, and
in situ temperature-programmed DRIFTS methods, they demonstrated that the formate
species adsorbed on the interfacial site (HCOO-CuAl) dissociated more rapidly to CO2

and H2 than those adsorbed on Al2O3 (HCOO-Al). The optimal sample with abundant
Cu-Al2O3 interface sites thus showed a high hydrogen production rate of 147.6 µmol g−1

s−1 at 250 ◦C. The aforementioned studies highlight the significance of interface sites in the
MSR reaction, and the formation of these sites is often associated with the carrier materials.
For example, Jin et al. [40] identified the Cu-OV-Ce interface as the critical active site in
their study of Cu/CeO2 catalysts for the MSR reaction.
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2.1.2. Supports

Although ZnO is generally used as a promoter in MSR catalysts at present, it was
originally used as a support to load copper (Cu/ZnO), while it improved the MSR perfor-
mance. Accordingly, many researchers investigated the promotion mechanism of ZnO [6].
To answer this question, different theoretical models have been developed for Cu/ZnO
catalysts, including the spillover model, the morphology model, and the CuZn alloy model.
The spillover model [41] suggested that ZnO served as a reservoir for hydrogen atoms,
benefiting hydrogen spillover and back-spillover between Cu and ZnO, finally relating
to the enhancement of catalytic activity. The morphology model [42] demonstrated that
changes in the reaction atmosphere altered the interfacial free energy and affected oxygen
vacancies at the Zn-O-Cu interface (Figure 3a). The partial reduction of ZnO enhanced
its interactions with Cu, reduced the surface free energy, increased oxygen vacancies,
and produced disk-like Cu particles with greater surface area and catalytic activity. The
CuZn alloy model, supported by studies from Nakamura et al. [43], indicated that after
reduction pretreatment, CuZn alloys were formed in the Cu/ZnO catalysts, increasing
reaction activity. Additionally, ZnO could isolate Cu metal particles, preventing their
agglomeration and sintering, thereby improving reaction stability. Later, when Al2O3 was
introduced into the Cu/ZnO catalytic system as a support, the MSR performance was
further enhanced [18,44–46]. Shokrani et al. [18] found through characterization by X-ray
diffraction (XRD), Brunauer–Emmett–Teller (BET), and field emission scanning electron
microscopy (FESEM) that adding Al2O3 to the traditional Cu/ZnO catalyst system reduced
the crystallinity of the metal oxides, increased the specific surface area of the catalyst,
and improved the dispersion of the metals. Performance test results also showed that
the addition of Al2O3 increased methanol conversion and reduced CO production. Addi-
tionally, the proportions of Cu, Zn, and Al need to be carefully selected. Miyao et al. [47]
adjusted the proportions of components in Cu/Zn/Al alloy catalysts, finding that a combi-
nation of 30 wt.% Cu, 20 wt.% Zn, and 50 wt.% Al achieved the highest hydrogen yield
and selectivity.
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structures (reproduced with permission from ref. [30], Copyright 2024 American Chemical Society);
(c) the long-time performance of Cu-Al spinel oxide (CA) and MgO modified CA catalysts (reaction
conditions: 225 ◦C, WHSV = 2.184 h−1) (reproduced with permission from ref. [33], Copyright
2020 Elsevier).

The selection of support materials for copper-based catalysts extends beyond tradi-
tional supports such as ZnO and Al2O3, encompassing SiO2, TiO2, SBA-15, MCM-41, and
carbon nanotubes (CNTs) as well. Díaz-Pérez et al. [19] studied copper-based catalysts sup-
ported on SiO2, Al2O3-SiO2, TiO2-rutile, and TiO2-anatase, finding that their MSR activity
varied in the order Cu/SiO2 > Cu/TiO2-rutile > Cu/Al2O3-SiO2 > Cu/TiO2-anatase. It
should be noted that a loss of MSR activity was observed over Cu/SiO2 and Cu/Al2O3-
SiO2 catalysts due to the growth of Cu particle size and coke deposition, respectively. In
contrast, Cu particle size growth on Cu/TiO2-rutile and Cu/TiO2-anatase was not signif-
icant, attributed to the strong interaction between copper clusters and TiO2. As a result,
deactivation was hardly observed over these two samples. Mesoporous SBA-15 was also
employed as a support to prepare copper-based catalysts [28]. Thanks to its high specific
surface area, the distribution of metal particles was improved, making it a preferred support
material. Among the tested samples, Cu/SBA-15 exhibited good catalytic performance,
with 91% methanol conversion and 2.8% CO selectivity at 300 ◦C. Similarly to SBA-15,
MCM-41 mesoporous molecular sieves have become a support choice for MSR reaction
catalysts. For instance, Deshmane et al. [20] prepared Cu-MCM-41 catalysts for the MSR
reaction. Performance results showed that the 15% Cu-MCM-41 sample achieved 89%
methanol conversion and 0.8% CO selectivity at 300 ◦C with gas hourly space velocity
(GHSV) of 2838 h−1, maintaining good stability for 48 h. Carbon nanotubes have garnered
significant attention as support materials due to several advantages [21,48–50]. Firstly,
their mesoporous structure reduces mass transfer resistance, allowing reactant and product
molecules to easily diffuse within the catalyst channels, thus enhancing reaction rates.
Secondly, CNT-supported catalysts have much higher specific surface areas compared to
conventional catalysts, exposing reactant molecules to both the inner and outer surfaces of
the CNT-supported catalysts, thereby increasing catalytic conversion rates. Additionally,
CNTs have uniform pore size distributions and high thermal stability, allowing for even
heat dissipation during high-temperature reactions, preventing hot spots that could lead
to catalyst sintering. Shahsavar et al. [21] prepared CeCuZn/CNT catalysts for the MSR
reaction, which maintained long-term stability (>48 h) at 300 ◦C and a WHSV of 7.5 h−1,
attributed to the high dispersion of metal particles and the strong interaction between the
metals and the CNT support.

2.1.3. Promoters

Besides the previously mentioned Zn, the elements of Ce, Zr, Ga, and Mg are most
commonly used as MSR catalyst promoters with a view on enhancing catalytic performance
such as hydrogen yield, activity, selectivity, and stability. It has been reported that the
addition of CeO2 can facilitate the formation of oxygen vacancies (V0) and adsorbed oxygen
molecules (Ox

0) on the catalyst surface, thereby promoting water dissociation through a
hydration reaction (V0 + H2O+ Ox

0 → 2OH0 ) [22,51]. As we all know, the dissociation
of H2O is a crucial step in the MSR reaction [17]. In detail, when Ce4+ is converted to
Ce3+, oxygen vacancies are formed, accompanied by the production of adsorbed oxygen
molecules [52,53]. This also increases the concentration of highly mobile oxygen species,
which promotes carbon gasification and effectively enhances the anti-carbon stability of
the MSR catalyst [54]. Men et al. [55] prepared the Cu/CeO2/γ-Al2O3 catalyst and found
that the copper–ceria interface was the active site for the MSR reaction, with its redox
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properties determining the catalytic activity. Oxygen vacancies at the interface served as
the most active sites for water dissociation, whereas surface oxygen played a critical role in
methanol decomposition. Liu et al. [56] enhanced the adsorption and dissociation of water
in the MSR reaction by adding Ce and La to Cu-Al catalysts, which also strengthened the
adsorption of the product CO2. As a result, the WGS reaction was promoted, while the
reverse-WGS reaction was suppressed, leading to a higher hydrogen production rate.

In the MSR reaction, the addition of ZrO2 as a promoter significantly improved
the stability of copper-based catalysts and reduced the concentration of CO byproducts.
By using different characterization techniques, such as XRD, temperature-programmed
oxidation (TPO), and temperature-programmed reduction (TPR), Agrell et al. [57] found
that the introduction of ZrO2 into the Cu/ZnO/Al2O3 catalyst effectively stabilized the
copper by preventing crystal growth, thus enhancing catalyst stability. Similarly, Jeong
et al. [58] noted that adding Zr to Cu/Zn catalysts increased copper dispersion, aiding in
the formation of small copper particles on the catalyst surface. Wu et al. [59] suggested that
in 10 wt.%ZrO2/Cu catalysts, the presence of ZrO2 increased the specific surface area of
Cu, stabilized the grain size of Cu, and prevented the aggregation of Cu particles, thereby
improving catalytic activity and stability. Additionally, the ZrO2 surface had abundant
hydroxyl groups that could stabilize Cu+ species, which was a major reason for the superior
performance of the ZrO2/Cu catalyst compared to the ZnO/Cu catalyst. A subsequent
research study performed by Liu et al. [31] also supported the role of Zr in enhancing
stability. Specifically, the CuZnGaZr catalysts showed excellent stability of hydrogen
production (44 h) for the MSR reaction. Furthermore, the role of ZrO2 in reducing CO
selectivity has garnered significant attention. Early studies by Lindström et al. [60] on the
role of ZrO2 in Cu/Zn/Zr catalysts showed that ZrO2 doping reduced hydrogen yield but
increased CO2 selectivity, keeping CO byproduct concentration below 1%. Jeong and Liu
et al. [31,58] found that ZrO2 played a role in suppressing CO formation. They achieved
low CO selectivity over Cu/ZnO/ZrO2/Al2O3 (0.1%) and CuZnGaZr (0.3%) catalysts,
respectively. Research by Sanches et al. [25] indicated that the reduced CO selectivity was
due to the strong adsorption of CO by monoclinic zirconia over Cu/ZnO/ZrO2 catalysts.

In the MSR reaction, the promotion effects of gallium and magnesium on copper-based
catalysts have also been widely discussed. Tsang’s team [29,61] pointed out that incorporat-
ing Ga into Cu-Zn oxides could promote the formation of a non-stoichiometric cubic spinel
phase (ZnGa2O4). On the defect-rich surface of this ZnGa2O4 spinel, a large number of
highly dispersed, extremely small copper clusters (5 Å) could be generated in situ, achiev-
ing a hydrogen yield of 393.6 mL gcat

−1 h−1 at 150 ◦C with almost no CO formation. Li
et al. [30] found that the addition of Ga promoted the formation of a ZnOx overlayer on the
Cu/ZnO catalyst, enhancing strong metal–support interactions (SMSIs) and creating more
abundant Cu-ZnOx interfacial sites (Figure 3b), which increased the intrinsic activity of the
MSR reaction by a factor of 4.6. In related research, the introduction of magnesium has often
been associated with the formation of the spinel structure to improve MSR activity. Kamyar
et al. [32] prepared four high-surface-area MAl2O4 (M = Ni, Co, Zn, Mg) spinel structures
as supports for copper-loaded MSR catalysts. Among these, the Cu/MgAl2O4 catalyst
exhibited a large specific surface area, high copper dispersion, and strong adsorption of
reactants on its active sites, resulting in high methanol conversion (96%), high H2 selectivity
(86%), and low CO selectivity (2.8%). Hou et al. [33] discovered that although CuAl2O4

spinel catalysts could avoid the need for pre-reduction treatment before use, the catalyst
activity and stability declined, as most of the Cu2+ in the lattice was released during the
MSR reaction. To prevent this phenomenon, CuAl2O4 spinel catalysts were modified with
MgO. The incorporation of Mg2+ into the spinel structure altered the environment around
Cu2+, reducing its release rate and promoting the formation of small copper particles. The

52



Catalysts 2025, 15, 36

slower release rate of Cu2+ and the high specific surface area of copper nanoparticles were
the main reasons for the improved activity and stability of MgO-doped CuAl2O4 spinel
catalysts (Figure 3c). In addition, Liu et al. [62] pointed out that this sustained-release
catalytic system was fundamentally different from traditional metal catalytic systems. In
conclusion, future research should focus on systematically investigating the interactions be-
tween various promoters to achieve an optimal balance among these components, thereby
tailoring catalyst properties for specific industrial applications.

2.1.4. Preparation and Activation

Improvements in catalyst synthesis methods are often pursued to achieve better
catalytic performance. For the MSR reaction, traditional preparation methods for copper-
based catalysts include coprecipitation, sol–gel, and impregnation methods. Yang et al. [23]
synthesized CeO2 with different morphologies including nano-rod (R), nanoparticle (P),
and sponginess (S) using hydrothermal, precipitation, and sol–gel methods, respectively,
to serve as supports for copper-based catalysts (Figure 4a). The results showed that
CuO/CeO2-R had stronger interactions between copper oxide and the cerium dioxide
support, as well as the highest content of surface oxygen vacancies, exhibiting better MSR
catalytic activity than CuO/CeO2-P and CuO/CeO2-S. This indicated that adjusting the
morphology of the support could enhance catalytic performance. In recent years, some
new preparation methods and improved techniques of traditional methods have been used
for synthesizing copper-based MSR catalysts. Wen et al. [63] developed a hydrolysis pre-
cipitation method to prepare Cu-ZnO@Al2O3 catalysts for the MSR reaction and compared
them with those prepared by the traditional coprecipitation method. The former catalysts
showed better catalytic performance due to their more developed pore organization, sur-
face enrichment of Cu and Zn, and higher reducibility. Haghighi’s team [24,64] synthesized
CeO2- and ZrO2-doped CuO/ZnO/Al2O3 catalysts using the sonochemical coprecipita-
tion method. Compared to traditional coprecipitation samples, the ultrasonic-assisted
coprecipitation samples displayed clearer morphologies, more uniform active component
distribution, smaller CuO crystallite size, and higher specific surface areas, resulting in
higher methanol conversion rates (100%) at lower temperatures (200 ◦C) and lower CO
byproduct concentrations. Additionally, CuO/ZnO/Al2O3 catalysts prepared by oxalate
gel-coprecipitation [65] and urea hydrolysis homogeneous precipitation [66] methods have
also shown advancements.

The dynamic structural evolution of heterogeneous catalysts during different stages
of their life cycle (activation, reaction, and deactivation) is a common phenomenon [17].
Among them, the modulation of the activation process to improve the catalytic performance
has great potential. Traditionally, copper-based catalysts require pretreatment to convert
inactive components into active states through hydrogen reduction at high temperatures.
Recently, Zhu’s team [17] optimized the activation stage of commercial Cu/ZnO/Al2O3

catalysts and analyzed the structure–activity relationship. CuZnAl-R10, which was re-
duced in a H2/N2 mixture for 50 min and then in a H2/H2O/CH3OH/N2 mixture for
10 min, had a methanol conversion rate of 65.5% and a CO selectivity of 0.07% after 8 h at a
reaction temperature of 225 ◦C (Figure 4b). However, CuZnAl-H, which was reduced in a
H2/N2 mixture for 1 h, exhibited a methanol conversion rate of 55.1% and CO selectivity
of 0.11% under the same reaction conditions. This indicated that the induced activation
method improved the activity, selectivity, and stability of commercial Cu/ZnO/Al2O3

catalysts. A series of in situ characterization studies and DFT calculations revealed that a
surface reconstruction process occurred during activation. This adsorbate-induced strong
metal–support interaction accelerated the migration of ZnOx species to the surface of Cu0

nanoparticles, creating abundant Cu-ZnOx interfacial sites (Figure 2d). These interfacial
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sites demonstrated faster CH3O* dehydrogenation and H2O dissociation kinetics. Subse-
quently, they applied the same method by altering the activation gas for Cu/ZnO catalysts,
thereby modulating the strong metal–support interaction between Cu and ZnO to enhance
the catalytic activity for the MSR reaction [67]. During activation, more oxygen vacancies
were generated on the ZnO support, promoting the dissociation of H2O and hydroxylation
of ZnO species, the occurrence of which facilitated the migration of ZnO to Cu, forming
abundant interfacial sites and promoting the reaction. Zhang et al. [39] conducted an in situ
self-activation process under reaction conditions (CH3OH/H2O/N2) before evaluating the
performance of CuZnO/γ-Al2O3/Al catalysts. This process resulted in the formation of a
Cu/Cu2O/ZnO tri-layer core–shell structure (Figure 2c), where ZnO stabilized the optimal
ratio of Cu+/Cu0 and created numerous Cu2O/ZnO synergistic sites. These sites lowered
the activation energy for the rate-determining step of CH3O* dehydrogenation in the MSR
reaction (Figure 4c), thereby enhancing catalytic performance. This study of the process
of improving catalysts, from the improvement of preparation methods to the activation
pretreatment of catalysts, is an innovative quest for superior catalysts by researchers.
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Figure 4. (a) SEM images of the CeO2 materials with different morphologies, nano-rod (left), nanopar-
ticle (middle), and sponginess (right) (reproduced with permission from ref. [23], Copyright 2019
Elsevier); (b) catalytic stabilities of CuZnAl-H and CuZnAl-R10 during the MSR reaction (reaction
conditions: 100 mg of catalyst, H2O/CH3OH = 1.3, WHSV = 6 h−1, 225 ◦C) (reproduced with per-
mission from ref. [17], Copyright 2022 Springer Nature); (c) energy profile configurations for CH3O*
dehydrogenation on the Cu, ZnO/Cu, and Cu2O/ZnO/Cu, with a top view of three model transition
states (*: adsorption sites available; IS: initial state; TS: transition state; FS: final state) (reproduced
with permission from ref. [39], Copyright 2021 Elsevier).
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2.2. Reaction Mechanism

After decades of development, two possible reaction pathways for methanol steam
reforming on copper-based catalysts have been essentially identified as the following: the
HCOO* route [14,17,68–72] and the HCOOCH3* route [12,68–70,73,74] (Figure 5).
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Figure 5. Schematic diagram of cycling process of methanol steam reforming reaction on
Cu/ZnO/Al2O3 catalyst (reproduced with permission from ref. [68], Copyright 2007 Elsevier).

By using in situ temperature-programmed DRIFTS studies, Li et al. [17] elucidated the
MSR reaction pathway over a commercial Cu/ZnO/Al2O3 catalyst, where surface methoxy
species (*CH3O) sequentially transform to formaldehyde (*CH2O), methylene dioxygen
(*CH2OO), and formate (*CHOO), with formate ultimately decomposing to CO2 and H2.
DFT calculations (Figure 6a) showed that the two steps with the highest energy barriers
on Cu(111) were H2O dissociation (1.06 eV) and the dehydrogenation of *CH3O to *CH2O
(1.03 eV). Li et al.’s elucidation of the HCOO* route aligns with previous studies [71,72]
and is supported by Mao et al. [14].

Meng et al. [12] conducted operando pulse experiments equipped with a mass spec-
trometer detector to elucidate the MSR reaction route on the Cu/Cu(Al)Ox catalyst. The
MSR reaction on this catalyst follows the HCOOCH3* route, consistent with previous
studies [73,74], which involves the following steps: CH3OH* firstly undergoes dehydro-
genation to form CH3O* and CH2O* species; then, CH2O* dimerizes or reacts with CH3O*
to generate HCOOCH3*; subsequently, HCOOCH3* hydrolyses to form HCOOH* and
CH3O*, and CH3O* re-participates in the catalytic cycle; finally, the decomposition of
HCOOH* occurs to produce CO2 and H2. Combined with DFT calculations (Figure 6b),
it was demonstrated that the cleavage of the C-H bonds in the intermediates CH3O* and
HCOO* is the rate-determining step. Additionally, the study showed that water molecules
promote the decomposition of HCOOCH3* but do not directly participate in cleavage of
the C-H bonds.

In fact, Frank et al. [68] had earlier summarized the HCOO* route and the HCOOCH3*
route (Figure 5) and pointed out that the ratio of methanol to water affects the selection
of these pathways. When water is in excess, the HCOO* route is preferred, involving the
one-step oxidation of HCHO* to HCOO* by hydroxyl groups or reactive oxygen species
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from H2O dissociation, followed by the decomposition of HCOO* to produce CO2 and H2.
Conversely, when methanol is in excess, the HCOOCH3* route is preferred, involving the
dehydrogenation of CH3OH to HCOOCH3, which is then hydrolyzed to HCOO*, followed
by further decomposition to produce CO2 and H2.
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2.3. Deactivation

Improving the stability of copper-based catalysts and addressing issues including
sintering and carbon deposition are crucial steps to enhance their practical application value
in the MSR reaction. Sintering of metal nanoparticles proceeds through Ostwald ripening
(OR), or through particle migration and coalescence (PMC) [75]. Once particles are sintered,
it is almost impossible to restore the original catalytic activity of the catalysts through
methods such as redispersion; so, it is necessary to fundamentally prevent sintering from
occurring. From a thermodynamic perspective, the sintering of nanoparticles in catalysts
is driven by the reduction in surface free energy, with the rate significantly increasing at
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higher temperatures [76]. Typically, the onset of sintering is estimated using the Hüttig
temperature, where surface atoms become mobile, and the Tammann temperature, where
bulk atom diffusion occurs [77]. Therefore, controlling the reaction to occur at lower
temperatures is a direct strategy to inhibit the sintering of copper-based catalysts. However,
for the endothermic MSR reaction, high activity is typically associated with elevated
reaction temperatures up to a certain limit, making it challenging to prevent sintering.

To overcome the limitations of reaction temperature, other strategies to inhibit sintering
include [76] controlling the uniformity of nanoparticles to eliminate chemical potential
differences between particles, enhancing the chemical bonding between metal nanoparticles
and the support, physically confining the metal nanoparticles, and constructing energy
barriers to prevent the surface diffusion of metal nanoparticles. Li et al. [17] achieved
surface reconstruction by adjusting the composition of the reducing agent, causing ZnOx to
migrate to the surface of Cu0 nanoparticles in the Cu/ZnO/Al2O3 catalyst. This moderate
encapsulation tripled the long-term stability of the copper-based catalyst (Figure 4b).
Cheng et al. [34] improved the stability of Cu/ZnO/Al2O3 catalysts by adding Mg, which
enhanced the Cu-ZnO synergistic effect, thus inhibiting the sintering of the Cu and ZnO
phases. Sanches et al. [25] found that the presence of Zr in Cu/ZnO/ZrO2 catalysts
increased the microstrain in CuO and ZnO, reducing their grain size and limiting their
growth. Siriruang et al. [78] prepared Cu-Zn/ZrO2-doped Al2O3 catalysts using a urea
impregnation method, which exhibited anti-sintering capability and maintained high
hydrogen yield even after accelerated sintering treatment. Clearly, exploring more potential
anti-sintering strategies based on fundamental scientific principles of sintering inhibition
remains an area of ongoing effort for the future.

Carbon deposition can block catalyst pores and cover the active species on the MSR
catalyst surface, leading to deactivation. Carbon deposits originate partly from hydrocar-
bons generated during the MSR reaction [79] or from carbon–oxygen species [54]; another
source is elemental carbon produced from CO by the disproportionation reaction [54,79,80].
Unlike deactivation caused by sintering, catalysts deactivated by carbon deposition can
be regenerated to restore their initial activity. A common regeneration strategy involves
adding CeO2 to copper-based catalysts, utilizing CeO2’s oxygen storage capacity to remove
carbon deposits from the catalyst surface [27,35,54,81]. Specifically, under the reducing
conditions of the MSR reaction, the partial reduction of CeO2 generates mobile oxygen,
which promotes the gasification of carbon deposits, thereby enhancing the stability of
the catalysts. Industrial practices also highlight the critical role of catalyst regeneration
techniques in maintaining performance and longevity. Methods such as advanced pas-
sivation and controlled-atmosphere treatments during handling and storage are widely
employed to minimize sintering during downtime. To address carbon deposition, strate-
gies including the optimization of reaction conditions (e.g., water-to-methanol ratio and
operating temperature) and periodic catalyst regeneration through controlled oxidation
cycles are commonly implemented [12]. Incorporating these industrial insights bridges the
gap between fundamental research and practical application, providing effective solutions
for ensuring the long-term stability and efficiency of catalysts.

In summary, copper-based catalysts remain the most prevalent catalysts used in
methanol steam reforming. Regarding the identification of their active sites, many studies
indicate a synergistic interaction between Cu0 and Cu+, although this conclusion often does
not take into account the influence of the commonly used ZnO and Al2O3 supports. When
these supports are present, Cu-Zn and Cu-Al interface sites are more likely to form. To
elucidate the role of the widely used ZnO support in copper-based catalysts, three models
are commonly referenced: the spillover model, the morphology model, and the CuZn
alloy model. The discussion then shifted to Cu/ZnO/Al2O3 catalysts, emphasizing their
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advancements over Cu/ZnO catalysts. Additionally, the use of alternative supports, such
as SiO2, TiO2, SBA-15, MCM-41, and CNTs, as well as the incorporation of promoters like
Ce, Zr, Ga, and Mg, was also discussed. Furthermore, the impact of preparation methods
and reaction pretreatment activation processes on catalytic performance was summarized.
Two potential reaction pathways for copper-based catalysts in the MSR reaction were
highlighted, namely the HCOO* route and the HCOOCH3* route, with pathway selection
influenced by factors like the water-to-alcohol ratio and the nature of the active metal in the
catalyst. Finally, the challenges of sintering and coking in copper-based catalysts during
the MSR reaction were analyzed, identifying contributing factors such as Ostwald ripening,
particle migration and coalescence, and the origins of carbon species, while presenting
practical solutions to address these issues.

3. Noble Metal-Based Catalysts
In addition to the copper-based catalysts, noble metal-based catalysts are another large

class of MSR catalysts. The noble metals most often considered are Pd and Pt, followed by
Ru and Rh. The performance of representative catalysts in this category is listed in Table 2.
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3.1. Palladium-Based Catalysts

The research on palladium-based catalysts for hydrogen production through methanol
steam reforming began in the late 20th century. The Takezawa team [99] prepared a
series of supported palladium-based catalysts using metal oxides as carriers, including
Pd/SiO2, Pd/Al2O3, Pd/La2O3, Pd/Nb2O5, Pd/Nd2O3, Pd/ZrO2, and Pd/ZnO. Among
the aforementioned catalysts, Pd/ZnO stood out for its high activity and selectivity in the
MSR reaction. Therefore, the Takezawa team subsequently conducted a decade-long study
on the Pd/ZnO catalyst [100–103]. They found that a PdZn alloy formed on the Pd/ZnO
catalyst after high-temperature hydrogen reduction treatment, which greatly improved the
MSR performance, especially in terms of selectivity.

3.1.1. Alloys

Notably, reduction temperature and palladium loading are important factors influ-
encing the formation of the PdZn alloy. The PdZn alloy begins to form at 420 K, and as
the reduction temperature increases, the proportion of the alloy increases, which corre-
sponds to an enhancement in selectivity [100]. Additionally, the research indicated that an
equivalent molar amount of ZnO to the palladium loading could be reduced to form the
PdZn alloy; thus, the formation of the alloy was not limited by the palladium loading [101].
In the Takezawa team’s series of studies, the palladium loading was mostly 10%. This
prompted subsequent researchers to consider the possibility of forming alloys with lower
palladium loadings. Studies by Halevi and Peterson et al. [104–106] indicated that the
PdZnβ phase (Pd/Zn molar ratio = 1) exhibited low CO selectivity, while the PdZnα phase
(Pd/Zn molar ratio > 1) favored CO formation during MSR. Meanwhile, the formation of
different PdZn alloy phases was closely related to the palladium loadings. For example,
the PdZnα phase was predominant when the palladium loading was below 4.8% on the
conventional Pd/ZnO catalyst [107]. This explains the use of high noble metal loadings in
many studies on palladium-based catalysts for MSR. Based on these findings, Liu et al. [83]
synthesized a PdZn alloy catalyst with a palladium loading of only 0.1% using ZnAl2O4

as the support. Due to the limited number of Zn atoms provided by ZnAl2O4 and the
enhanced interaction between Pd and Zn by the polar facets exposed on ZnAl2O4, the
PdZnβ alloy predominated on the Pd/ZnAl2O4 catalyst. This enabled high CO2 selectivity
in MSR.

Subsequently, there have been more studies on PdZn alloy catalysts for MSR, focusing
on the alloy formation process and the impact of alloy crystallite size on performance.
Föttinger et al. [108] monitored the dynamic formation process of the active phase PdZn
alloy for catalysis in real time by means of the operando quick-EXAFS (extended X-ray
absorption fine structure) technique (Figure 7a). It was demonstrated that alloy formation
started at the nanoparticle surface and then proceeded from the surface inward, leaving
a metallic Pd core at the end. Moreover, alloying was reversible, and treatment with
oxygen led to alloy decomposition and the formation of metallic Pd, which was due to
the preferential oxidation of Zn. Similarly, Wang et al. [109,110] inferred that the reduction
process followed the sequence PdO/ZnO→ Pd/ZnO→ Pd/ZnO1−x → PdZn alloy/ZnO
on the Pd/ZnO catalyst based on temperature-programmed reduction and X-ray diffraction
results. Among them, the PdZn alloy and Pd/ZnO1−x formed by partial oxidation during
the reaction might be the real active species. Their study also suggested that the best
MSR performance was achieved when the particle size of the PdZn alloy was 5–14 nm.
Karim et al. [111] showed that high selectivity in the MSR reaction could still be achieved
by reducing the size of the small particles of palladium to below 2 nm, despite the lack
of complete PdZn alloying. In order to avoid the dissolution of ZnO or the alteration of
ZnO morphology brought about by conventional aqueous impregnation, Dagle et al. [112]

61



Catalysts 2025, 15, 36

synthesized Pd/ZnO catalysts using an organic preparation method. It was demonstrated
that large-sized PdZn crystallites could significantly inhibit CO generation while exhibiting
high activity for the MSR reaction. This conclusion was also supported by Lim et al. [113]
and indicated that the decrease in defect sites due to the growth of PdZn alloy particles was
the main reason for the suppression of CO generation. Although the size of the active metal
components is the most prominent structural factor in the study of the structure–property
relationship, their coordination environment, valence states, and geometric configuration
are also changed along with the size [114]. Therefore, the effects of these structural change
factors on catalytic performance need to be considered together.
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Figure 7. (a) An illustration of the suggested structural changes in Pd/ZnO in various environ-
ments (reproduced with permission from ref. [108], Copyright 2011 American Chemical Society);
(b) Cu 2p XPS of the 1%Pd-20%Cu/ZnAl2O4 catalyst after calcination, after reduction, and af-
ter the reaction (reproduced with permission from ref. [88], Copyright 2014 Elsevier); (c) the
stability test of the Pd/In2O3/CeO2 (rod-shaped) catalyst for MSR (reaction conditions: 400 ◦C,
S/C = 1.4, WHSV = 13,809.6 h−1) (reproduced with permission from ref. [87], Copyright 2024 El-
sevier); (d) the initial selectivity (bars) and total reaction rate (diamonds) during methanol con-
version over Pd/Ga2O3 as a function of the reduction temperature (reaction conditions: 523 K,
GHSV = 60,000 mL g−1 h−1) (reproduced with permission from ref. [115], Copyright 2012 Elsevier).

The stability issues associated with copper-based catalysts and the high CO selectivity
observed in palladium-based catalysts have led researchers to consider combining the
advantages of both, resulting in the development of PdCu bimetallic catalysts. Azenha
et al. [89,116] synthesized CuPd/ZrO2 bimetallic catalysts via the wet impregnation method
and found that the order of the impregnation of Cu and Pd affected the catalytic perfor-
mance. When Pd was impregnated first, it facilitated a uniform distribution of Pd and Cu
on the support surface, forming closely bonded PdCu nanoparticles or alloys. Additionally,
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the synergistic interaction between Pd and Cu adjusted the electronic structure of the
system, thereby enhancing MSR activity and reducing CO selectivity. Ruano et al. [117]
also demonstrated through in situ mass spectrometry that the formation of PdCu alloys
was crucial for reducing CO selectivity. Mierczynski et al. [88] discovered that during the
reduction process of the 1%Pd-20%Cu/ZnAl2O4 catalyst (300 ◦C, 5% H2/Ar), hydrogen
spillover from metallic Pd to Cu species promoted the reduction of copper oxide, leading
to the formation of PdCu alloys. The formation of PdCu alloys increased the concentration
of Cu0 or Cu+ active species (Figure 7b), thereby improving hydrogen yield and selectivity.

3.1.2. Supports and Promoters

Researchers have made many other attempts to develop palladium-based catalysts
regarding supports (such as MoC, ZrO2, TiO2, and CeO2) or promoters (such as In2O3

and Ga2O3). Tang et al. [84] introduced a small amount of Zn into Pd/MoC catalysts,
which promoted the formation of the α-MoC1−x phase and improved the dispersion of Pd
on the surface of MoC, thereby enhancing the low-temperature performance, including
the methanol conversion and hydrogen production rate, although the selectivity still
needed improvement. Pérez-Hernández et al. [86] prepared Pd/ZrO2-TiO2 catalysts using
ZrO2-TiO2 synthesized by the sol–gel method as a support. Compared to palladium
catalysts supported on either ZrO2 or TiO2 oxide, Pd/ZrO2-TiO2 showed higher activity,
but the CO selectivity remained high, around 30%. Matsumura et al. [118] coprecipitated
PdO/ZnO/Al2O3 on an amorphous ZrO2 support, forming ultrafine PdO particles. The
obtained PdZnAl/ZrO2 with 3 wt.% Pd content had activity as high as that of 10 wt.%
PdZnAl, and it remained stable even after the reaction at 550 ◦C. Wang et al. [85] prepared
Pd/Zn1Zr1Ox catalysts for the MSR reaction using nanoscale Zn1Zr1Ox mixed oxides as
supports. The presence of ZrO2 facilitated the dispersion of ZnO clusters, which in turn
favored PdZn alloying and alloy stability, resulting in excellent selectivity. Barrios et al. [119]
prepared ZnO-CeO2 nanocomposite-supported Pd catalysts and found that although the
reaction activity and selectivity of Pd/ZnO-CeO2 were lower than those of Pd/ZnO, they
exhibited higher stability, possibly due to the reducibility of CeO2 and its ability to generate
oxygen vacancies. Zhang et al. [87] found that the morphology of the CeO2 support
significantly affected the MSR performance of Pd/In2O3 catalysts. A Pd/In2O3/CeO2 (rod-
shaped) catalyst promoted the reaction of the intermediate formaldehyde with hydroxyl
to produce CO2 and H2, due to the presence of large palladium nanoparticles and a high
density of oxygen vacancies created by the strong interaction between In and Ce, showing
good reactivity and stability (Figure 7c).

Penner and Lorenz et al. [120,121] confirmed that Pd-Ga bimetallic particles formed on
Pd/Ga2O3 at appropriate reduction temperatures effectively inhibited methanol dehydro-
genation to CO, in comparison with Pd/ZnO catalysts. Haghofer et al. [115] explored the
relationship between intermetallic compounds formed on Pd/Ga2O3 catalysts and MSR per-
formance. Their research indicated that the intermetallic compound Pd2Ga formed within
the temperature range of 548–673 K favored the MSR reaction, while Ga-rich PdGa formed
at a higher reduction temperature of 773 K resulted in poorer MSR performance (Figure 7d).
Föttinger et al. [122] demonstrated that the formation of intermetallic compounds (Pd2Ga
or PdZn) with Ga or Zn was crucial for reducing the amount of the byproduct CO from
methanol dehydrogenation on palladium-based catalysts. However, the surface degra-
dation of these intermetallic compounds at low temperatures was one reason affecting
their stability in catalyzing the MSR reaction. Rameshan et al. [123] found that on Pd-
Ga2O3-In2O3 catalysts, as long as the appropriate intermetallic phases were present and
exhibited optimized intermetallic-support phase boundary dimensions, the presence of
various supported intermetallic InPd and GaPd2 phases would not adversely affect the
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activity or selectivity in MSR. Overall, forming appropriate intermetallic compounds and
optimizing the catalyst structure are crucial for improving MSR reaction performance and
stability on palladium-based catalysts.

3.1.3. Reaction Mechanism

By comparison with the reaction mechanism of copper-based catalysts, Iwasa et al. [100,124]
summarized three possible pathways of MSR on palladium-based catalysts (Figure 8a).
On palladium alloys, pathways II and III, which primarily produced CO2 and H2, were
preferred over pathway I. In contrast, for metallic palladium without alloy formation, a
large amount of the byproduct CO, derived directly from the decomposition of HCHO, was
produced. It appears that all the differences stem from HCHO, a key reaction intermediate
of the MSR reaction. With the advancement of surface science research [125], researchers
discovered that the adsorption configurations of formaldehyde on palladium alloys and
metallic palladium differed (Figure 8b) [70,126]. This difference was likely the reason for
the distinct reaction pathways observed on the two types of catalysts. As for the catalysts
containing Pd alloys, the η1(O)-HCHO configuration anchored on positively charged Pd
sites shows preferential stability, where the carbonyl group is perpendicular to the surface
and only oxygen interacts with the metal; this intermediate further reacts with the hydroxyl
group to produce the formate species, which eventually decomposes into CO2 and H2. As
for the catalysts containing metallic Pd, differently, formaldehyde adsorbs in an η2(C, O)-
HCHO configuration where the carbonyl group is parallel to the surface and both C and O
atoms are bound to the metallic Pd. In this case, electrons from metallic Pd strongly donate
to the π*CO antibonding orbital of formaldehyde, promoting the rapid decomposition of
η2(C, O)-HCHO to CO and H2. Unfortunately, there is still a lack of microscopic evidence
supporting the MSR mechanism over palladium-based catalysts through the formaldehyde
adsorption configuration theory.
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Figure 8. (a) Three reaction pathways for methanol steam reforming over palladium-based catalysts
(reproduced with permission from ref. [100], Copyright 1995 Elsevier); (b) two configurations of
aldehyde (reproduced with permission from ref. [70], Copyright 1997 Elsevier); (c) calculated ener-
getics of formaldehyde dehydrogenation to formyl and then to CO on Pd, Cu, and PdZn surfaces
(reproduced with permission from ref. [113], Copyright 2006 American Chemical Society); (d) activity
over 60 h: comparison between a commercial copper-based catalyst and Pd/Zn/Al2O3 (reproduced
with permission from ref. [127], Copyright 2008 Elsevier).
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Although the preferred bonding configuration of the formaldehyde intermediate has
been considered to be a reasonable mechanism for the high selectivity of the PdZn alloy,
this hypothesis was contradicted by the DFT calculations of Chen et al. [113,128,129], based
on the interaction between formaldehyde and the PdZn (111) surface. Their calculations
indicated that the η2(C, O) configuration was the most stable on the alloy surface, rather
than the η1(O) configuration proposed by Iwasa et al. [70,126]. These theoretical calcula-
tions also suggested that increasing the C-H bond dissociation barrier, thereby inhibiting
formaldehyde dehydrogenation, was more likely due to the beneficial effect of forming
the PdZn alloy. As shown in Figure 8c, the barrier for the dissociation of the C-H bond
in formaldehyde on PdZn (111) is 40 kJ mol−1 higher than on Pd (111) [113]. Gu and
Li [130] also confirmed through DFT calculations that on Pd(111), formaldehyde tended
to undergo direct dehydrogenation. Later, the above results of computation were also
verified by experimental means such as temperature-programmed desorption (TPD) and
high-resolution electron energy loss spectroscopy (HREELS) by Jeroro et al. [131].

3.1.4. Deactivation

In the MSR reaction, the stability of palladium-based catalysts is widely recognized
and confirmed to be superior to that of copper-based catalysts. Iwasa et al. [105] compared
the stability of Pd/Zn/CeO2 and Cu/ZnO catalysts. The results showed that at 623 K,
Pd/Zn/CeO2 did not deactivate within 180 min; in contrast, the hydrogen production
of Cu/ZnO gradually decreased over time, dropping by 20% of the initial value after
180 min. Conant et al. [127] tested the 60 h stability of Pd/ZnO/Al2O3 and commercial
Cu/ZnO/Al2O3 catalysts (Figure 8d). The results showed that the Cu/ZnO/Al2O3 catalyst
rapidly deactivated within the first 12 h, with the methanol conversion decreasing by 40%
after 60 h; meanwhile, the Pd/ZnO/Al2O3 catalyst deactivated by only about 17% in the
initial 20 h and remained stable thereafter up to 60 h. Additionally, the Pd/ZnO/Al2O3

catalyst could recover its initial activity after redox treatment, whereas Cu/ZnO/Al2O3

could not, indicating that the deactivation of palladium-based catalysts may not be due
to sintering.

Despite the relatively low extent of deactivation observed for palladium-based cat-
alysts, investigation into the underlying causes of their deactivation remains an ongo-
ing area of research. Suwa et al. [132] confirmed that the deactivation of Pd/ZnO cata-
lysts was due to the active PdZn alloy sites being covered by zinc carbonate hydroxide
(Zn4CO3(OH)6·H2O) formed from ZnO. Liu et al. [133] suggested two reasons for the
deactivation of Pd/ZnO catalysts: the surface carbon deposition contamination and sur-
face oxidation decomposition of the PdZn alloy (Pd-Zn + 2H2O ↔ Pd + Zn(OH2)+ H2 ).
Therefore, the catalyst can be regenerated in an oxygen-containing atmosphere at relatively
low temperatures to remove carbon deposits or in a hydrogen-containing atmosphere at
higher temperatures to regenerate the PdZn alloy. From the above studies, it is clear that
maintaining the stability of the PdZn alloy structure is crucial. Penner et al. [134] synthe-
sized Pd/ZnO/SiO2 catalysts, and the PdZn alloy particles on the surface could maintain
good structural and thermal stability between 473 and 873 K. Even at temperatures above
873 K, the PdZn alloy only partially decomposed. This broad stability range is related to the
strong interaction between Pd and ZnO and the high stability of the 1:1 PdZn alloy phase.
These findings may explain the excellent stability of palladium-based catalysts, although
their activity and selectivity still lag behind those of copper-based catalysts.

3.2. Other Catalysts

Following the success of palladium-based catalysts, researchers turned their attention
to other noble metal-based catalysts, such as Pt, Ru, and Rh. Among them, Pt-based
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catalysts have proven to be promising and effective for the MSR reaction. Studies by the
Men team [90,135,136] and Shanmugam et al. [91] have shown that the Pt/In2O3/CeO2

catalyst exhibited low CO selectivity and good stability over 100 h of the MSR reaction.
Over this catalyst, In2O3 improved the dispersion of Pt nanoparticles and enhanced the
interaction between the metal and the support, while CeO2 provided abundant active
oxygen species with generating oxygen vacancies (Figure 9a). The combined effects of
In2O3 and CeO2 promoted the activation of water, favoring the main reaction and then
reducing the formation of the byproduct CO. Additionally, many studies have used the
α-MoC phase as support to increase the dispersion of loaded Pt atoms, achieving high
performance in the MSR reaction [137]. Ma et al. [92] prepared Pt/α-MoC1−x, which
achieved 100% methanol conversion at the low temperature of 473 K. Cai et al. [93] modified
Pt/MoC with Zn, promoting the formation of the α-MoC1−x phase, thus enhancing Pt
dispersion and improving the interaction between the metal and the support, thereby
enhancing catalytic performance. The emergence of single-atom catalysts also offers the
potential for further improving the MSR performance of Pt-based catalysts. Lin et al. [138]
developed atomically dispersed Pt single-atom catalysts using α-MoC as the support.
The well-dispersed Pt1 atoms provided a high density of electron-deficient surface sites,
promoting methanol adsorption and activation, while α-MoC offered high-activity sites
for water dissociation, generating abundant surface hydroxyl groups. These resulted
in excellent hydrogen production activity and stability. Gu et al. [94] reported that Pt
single atoms were stabilized on the ZnO surface by lattice oxygen. This made the reaction
intermediates bind more firmly to the active Pt1 sites, altering the reaction energy and
kinetics, and subsequently changing the reaction pathway. The turnover frequency (TOF)
of the Pt1 active sites was 1000 times higher than that of ZnO.
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improving the MSR performance of Pt-based catalysts. Lin et al. [138] developed atomi-
cally dispersed Pt single-atom catalysts using α-MoC as the support. The well-dispersed 
Pt1 atoms provided a high density of electron-deficient surface sites, promoting methanol 
adsorption and activation, while α-MoC offered high-activity sites for water dissociation, 
generating abundant surface hydroxyl groups. These resulted in excellent hydrogen pro-
duction activity and stability. Gu et al. [94] reported that Pt single atoms were stabilized 
on the ZnO surface by lattice oxygen. This made the reaction intermediates bind more 
firmly to the active Pt1 sites, altering the reaction energy and kinetics, and subsequently 
changing the reaction pathway. The turnover frequency (TOF) of the Pt1 active sites was 
1000 times higher than that of ZnO. 

 

Figure 9. (a) Possible proposed mechanism for MSR over Pt/In2O3/CeO2 catalyst (reproduced with 
permission from ref. [91], Copyright 2020 Elsevier); (b) proposed reaction scheme for MSR per-
formed on Pt0 and Ptδ+ sites via methyl formate intermediate pathway (reproduced with permission 
from ref. [95], Copyright 2022 Elsevier); (c) scheme of reaction pathways of methoxyl dehydrogena-
tion coupled with O1H decomposition in methanol reforming over Pt/NiAl2O4 catalysts (reproduced 
with permission from ref. [139], Copyright 2023 American Chemical Society); (d) schematic diagram 

Figure 9. (a) Possible proposed mechanism for MSR over Pt/In2O3/CeO2 catalyst (reproduced with
permission from ref. [91], Copyright 2020 Elsevier); (b) proposed reaction scheme for MSR performed
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on Pt0 and Ptδ+ sites via methyl formate intermediate pathway (reproduced with permission from
ref. [95], Copyright 2022 Elsevier); (c) scheme of reaction pathways of methoxyl dehydrogenation
coupled with O1H decomposition in methanol reforming over Pt/NiAl2O4 catalysts (reproduced
with permission from ref. [139], Copyright 2023 American Chemical Society); (d) schematic diagram
of MSR reaction on Ru1/CeO2 catalyst (reproduced with permission from ref. [98], Copyright 2021
American Chemical Society).

Many researchers have also made efforts to identify the active sites and reaction path-
ways of Pt-based catalysts in the MSR reaction. Shao et al. [95] analyzed the MSR reaction
mechanism on Pt-K@S-1 catalysts using temperature-programmed surface reaction mass
spectrometry (TPSR-MS) and DFT calculations (Figure 9b). The cleavage of the O-H bond
in CH3OH was activated over Pt0 sites to produce HCOOCH3, whereas Ptδ+ sites promoted
the hydrolysis of HCOOCH3 to HCOOH and ultimately CO2 and H2. The synergy between
Pt0 and Ptδ+ on the S-1 support, along with the promotion by K, endowed the catalyst
with excellent activity, selectivity, and stability for the MSR reaction. Wang et al. [139]
elucidated the reaction mechanism on Pt/NiAl2O4 catalysts through spectroscopy, kinetics,
and isotope studies. Their research suggested that the MSR reaction involved a tandem
process of methanol dehydrogenation and water-gas shift; the interface sites between Pt
and NiAl2O4 were active for methanol dehydrogenation, while the sites on NiAl2O4 were
active for the water-gas shift reaction (Figure 9c). Jin et al. [140] analyzed the MSR reaction
pathway on Pt (111) surfaces theoretically using DFT and kinetic Monte Carlo (kMC) calcu-
lations to reduce CO selectivity. Their studies indicated that the energy barrier difference
between the steps H2O* + *→ OH* + H* and CH3OH* + *→ CH2OH* + H* was critical
for CO selectivity. When the energy barrier for the former was 0.30 eV lower than that
for the latter, CO formation was significantly suppressed. These studies provide valuable
insights for designing high-performance Pt-based catalysts for MSR.

Ru-based catalysts are widely used in homogeneous catalysis, such as low-temperature
aqueous-phase methanol reforming, achieving efficient and stable hydrogen produc-
tion [141–143]. By dispersing a liquid film over the large inner surface area of a porous
solid, known as supported liquid phase (SLP) technology, these efficient Ru-based catalysts
can be applied to the heterogeneous MSR reaction [144]. Schwarz et al. [144] deposited a
basic and hygroscopic KOH coating on an Al2O3 support, effectively fixing the Ru-pincer
complex on the support. In the temperature range of 130–170 ◦C, only trace amounts of CO
were produced, demonstrating high hydrogen production activity without deactivation
for 70 h. Tahay et al. [96] deposited metallic Ru on a monolithic TiO2 support for the
MSR reaction. Compared to other metals like Cu, Cu-Ni, and Pt, Ru/TiO2 showed higher
conversion and selectivity. This was attributed to the metal–support interaction, which
enhanced the activity and dispersion of Ru metal particles on the TiO2 support. Aouad
et al. [97] prepared three catalysts, Ru/Ce, Ru/Al, and Ru/CeAl, using the impregnation
method. Among them, the 5 wt.% Ru/Ce catalyst exhibited the best performance, with
a CO selectivity of 0.81% at 400 ◦C, and remained active for 115 h without deactivation.
This was due to the synergistic effect between Ru and Ce, promoting the formation of
active sites with excellent redox properties. Chen et al. [98] studied the mechanism of the
tandem MSR reaction on Ru1/CeO2 and Rh1/CeO2 single-atom catalysts (Figure 9d). The
active centers, composed of metal single atoms and adjacent oxygen vacancies, exhibited
a unique synergistic catalytic effect. Ru1/CeO2 showed a hydrogen production rate of
up to 579 mLH2 gRu

−1 s−1 with 99.5% CO2 selectivity, followed closely by Rh1/CeO2.
Additionally, Lytkina et al. [145–147] used detonation nanodiamond (DND) as a support to
load Ru-Rh bimetals, achieving a high hydrogen production rate and low CO selectivity.
Their studies provided a new insight into the design of RuRh bimetallic catalysts, although
economic costs need careful consideration.
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In summary, palladium-based catalysts are a focal point of research within noble metal
catalysts for the MSR reaction. The analysis began with the well-established Pd/ZnO cata-
lyst used in methanol steam reforming, examining the factors that influence the formation
of the PdZn alloy and the effect of alloy size on catalytic performance. Other commonly
used promoters and supports, such as MoC, ZrO2, TiO2, CeO2, In2O3, and Ga2O3, were
also discussed. Considering the advantages and disadvantages of both copper-based and
palladium-based catalysts, the application of the PdCu alloy in MSR reactions was reviewed.
However, current research primarily focuses on enhancing activity and selectivity, with
comparatively less emphasis on catalyst stability and the underlying microscopic mecha-
nisms. The possible reaction pathways on palladium-based catalysts appear to be similar
to those on copper-based catalysts, although the former tend to produce higher amounts
of CO. This difference between metallic palladium and PdZn alloys is attributed to two
factors: the adsorption configuration of the key intermediate formaldehyde (η1(O)-HCHO
or η2(C, O)-HCHO) and the energy barrier for C-H bond cleavage in formaldehyde. De-
spite the excellent stability exhibited by palladium-based catalysts, potential deactivation
mechanisms were examined, including the coverage of active alloy sites, oxidation and
decomposition of the alloy, and carbon deposition. Beyond palladium-based catalysts, other
noble metal-based catalysts, such as those based on Pt, Ru, and Rh, were also discussed.
The catalytic performance, active sites, and reaction mechanisms of Pt-based catalysts,
as well as the applications of Ru-Rh bimetallic catalysts, were highlighted. Additionally,
significant research interest has been drawn to the field of single-atom catalysts involving
these noble metals.

4. Conclusions and Perspectives
The carbon neutrality initiative has driven the advancement of sustainable methods

for hydrogen production and secure storage [1]. Methanol steam reforming technology
for in situ hydrogen production perfectly aligns with the aforementioned requirements.
In this technology, the catalysts serve as the core component. This review provides a
detailed introduction to the two main categories of catalysts used in the MSR reaction—
copper-based catalysts and noble metal-based catalysts. It not only covers the roles of each
component but also delves into their active sites, structure–activity relationships, reaction
mechanisms, and deactivation mechanisms.

In summary, copper-based catalysts, represented by the Cu/ZnO/Al2O3 catalyst,
exhibit good low-temperature activity, high hydrogen yield, low CO selectivity as a byprod-
uct, and low cost. However, they are prone to deactivation due to sintering and carbon
deposition, and their stability needs further improvement. Noble metal-based catalysts,
represented by Pd/ZnO catalysts, have high CO selectivity and high cost, but are less prone
to deactivation and have excellent thermal stability as a standout advantage. In real-world
applications, the selection between copper-based and noble metal-based catalysts is often
influenced by the trade-off between cost and performance. Copper-based catalysts are typi-
cally the preferred choice for large-scale hydrogen production, where cost considerations
are paramount. In contrast, noble metal-based catalysts are favored in niche applications
that prioritize stability and durability under harsh reaction conditions. Hybrid systems
that combine the cost effectiveness of copper with the high-temperature stability of noble
metals may offer a balanced solution.

On the other hand, despite decades of research, the MSR reaction mechanism and the
active sites of catalysts remain inconclusive, warranting further investigation. Firstly, the
specific reaction intermediates, such as formate (HCOO*), methoxy (CH3O*), and hydroxyl
groups (OH*), and their contributions to the reaction pathway are still debated. While
formate species are often observed in experimental studies, their direct role in the formation
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of CO2 versus CO remains unclear. Secondly, the interplay between copper nanoparticles
and supports (e.g., ZnO, CeO2, ZrO2) significantly impacts catalytic activity and stability.
However, the exact nature of active sites, particularly at the metal–support interface, and
how support modifications influence the reaction pathway, requires further exploration.
Finally, the factors governing selectivity toward CO or CO2, including the contributions
of methanol decomposition versus steam reforming pathways, remain insufficiently un-
derstood. This lack of understanding hinders the design of catalysts that can effectively
suppress CO formation. To address these challenges, a combination of experimental and
computational approaches should be applied systematically.

Given the current research status, future studies on MSR for hydrogen production
could focus on the following areas:

(1) Improving the stability of copper-based catalysts based on structure–activity
relationships: To mitigate sintering induced by Ostwald ripening, it is crucial to address
the chemical potential difference between particles. This can be achieved by ensuring
uniform copper particle size during catalyst preparation, which can be facilitated by
methods such as strong electrostatic adsorption (SEA). Furthermore, selectively anchoring
copper nanoparticles to specific oxide facets can enhance chemical bonding strength and
reduce the likelihood of coalescence. Utilizing specific physical structures—such as core–
shell, core–sheath, lamellar, and mesoporous matrices—can effectively limit copper particle
growth and aggregation. Additionally, employing a dual-oxide support composed of
size-controlled nanoscale domains of two different oxides can create energy barriers that
impede copper nanoparticles from sintering via surface diffusion.

(2) Rationally designing palladium-based alloy catalysts to reduce CO selectivity:
The previously mentioned PdZn and PdCu alloy catalysts have demonstrated excellent
performance in reducing CO selectivity in the MSR reaction. This phenomenon may be
related to the optimization of the electronic structure of the core metal atom Pd by the
second metal in alloys, as well as the modulation of the interactions between the core metal
and key intermediates. The choice of the second metal is not limited to Zn and Cu; other
transition metals, such as Fe, Co, Ni, and W, are also ideal candidates.

(3) Establish methods to quickly and accurately identify the reaction mechanism
of MSR: Most existing studies on the MSR reaction lack systematic and comprehensive
approaches to quickly and accurately identify the active sites on catalysts and the reaction
pathways. This may involve advanced in situ characterization techniques, such as in situ
X-ray absorption spectroscopy (XAS), Fourier transform infrared spectroscopy (FTIR), and
scanning transmission electron microscopy (STEM), which enable real-time monitoring of
catalytic processes. In addition, density functional theory calculations and kinetic models
can offer theoretical support by providing insights into reaction pathways and active sites
on the catalyst surface. By integrating these experimental and computational approaches, a
clearer understanding of the MSR mechanism can be achieved, leading to the development
of more efficient catalysts.

(4) Enhancing the atomic utilization efficiency of MSR catalysts: From an economic
perspective, improving the atomic utilization efficiency of MSR catalysts is beneficial,
whether dealing with noble metals like palladium or transition metals like copper, which
often require high loadings for enhanced activity. Single-atom alloy (SAA) catalysts, which
feature an atomically dispersed metal within a bi- or multi-metallic complex, have emerged
as a promising system for heterogeneous catalysis. Based on this, constructing PdCu single-
atom alloy catalysts not only enhances atomic utilization efficiency but also potentially
combines the advantages of both metals to achieve improved MSR performance.

In addition, methanol occupies a central role in sustainable energy systems, not
only as a hydrogen carrier and feedstock for steam reforming but also as a platform
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molecule that can be produced from CO2 and methane. The catalytic hydrogenation of
CO2 to methanol has emerged as a promising technology for carbon capture and utilization
(CCU), transforming greenhouse gasses into valuable fuels and chemicals. Similarly,
methane, the primary component of natural gas, can be selectively converted into methanol
via oxidative or non-oxidative routes, offering a cleaner pathway for utilizing abundant
natural gas reserves. These production methods create a closed-loop system where CO2,
captured from industrial emissions or the atmosphere, can be transformed into methanol
and subsequently converted into hydrogen through MSR. This integrated cycle not only
supports the transition to a hydrogen economy but also aligns with global efforts to mitigate
climate change. Recent advances in catalyst design for CO2 and methane conversion, such
as bimetallic catalysts and single-atom catalysts, parallel the catalyst development strategies
discussed in this review, highlighting opportunities for cross-disciplinary innovation.
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MSR methanol steam reforming
MD methanol decomposition
WGS water-gas shift
LOHCs liquid organic hydrogen carriers
PEMFCs polymer electrolyte membrane fuel cells
CCU carbon capture and utilization
WHSV weight hourly space velocity
GHSV gas hourly space velocity
TOF turnover frequency
SMSIs strong metal–support interactions
OR Ostwald ripening
PMC particle migration and coalescence
SEA strong electrostatic adsorption
SAA single-atom alloy
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Abstract: This study explores the H2 production performance of CuO/Cu2O with different morphol-
ogy (nanocubes) synthesized by different methods using different sacrificial reagent (lactic acid),
compared with the other three reported CuO/Cu2O photocatalysts used for H2 production. A cubic
Cu2O photocatalyst was prepared using a hydrothermal method. It was then calcined at a certain
temperature to form a cubic Cu2O/CuO composite photocatalyst. XRD, TEM, and XPS spectra con-
firmed the successful synthesis of cubic Cu2O/CuO composite photocatalysts by calcination-induced
oxidation at a certain temperature. As the calcination temperature increases, the crystal phase of the
photocatalyst changes from Cu2O to Cu2O/CuO and then to CuO. The effects of calcination-induced
oxidation on morphology, light absorption, the separation of photoexcited carriers, and the H2 pro-
duction activity of photocatalysts were studied. EPR spectra were monitored to analyze the oxygen
vacancies in different samples. Mott–Schottky and Tauc plots were utilized to establish the band
structure of the composite photocatalyst. Cu2O/CuO is a type II photocatalyst with a heterogeneous
structure that helps to improve electron–hole separation efficiency. The H2 production efficiency
of Cu2O/CuO composite photocatalyst reaches 11,888 µmol h−1g−1, 1.6 times that of Cu2O. The
formation of the Cu2O/CuO heterojunction leads to enhanced light absorption, charge separation,
and hydrogen production activity.

Keywords: photocatalyst; hydrogen production; Cu2O; CuO; nanocube

1. Introduction

Hydrogen is the only carbon-free fuel with the highest energy content, considered
the ideal renewable energy source. When hydrogen is used as a fuel in engines, the final
product is only water, causing no environmental pollution [1]. Photocatalytic H2 production
has attracted increasing attention [2]. The activity of a photocatalyst can be improved by
tuning morphology, loading the cocatalyst, doping, and adjusting the band structures
of composite photocatalysts [3,4]. Usually, the composite photocatalysts are prepared
through the one-step [5,6] or two-step [7,8] synthetic routes. In addition, the composite
photocatalysts can also be obtained by thermal phase transition [9–12]. The changes in the
morphology and crystal phase of photocatalysts during calcination were reported.

Cu2O is a low-cost, non-toxic p-type semiconductor [13]. Various morphologies of
Cu2O photocatalysts have been successfully synthesized, such as nanowires [14],
nanospheres [15], flakes [16], layered structures [17], cubes, and polyhedrons. Due to
its narrow-band structure, Cu2O can absorb most visible light. The position of its conduc-
tion and valence bands straddles the redox potential of water, allowing it to efficiently
split water to produce hydrogen under light irradiation [18]. Yong et al. [19] used a hy-
drothermal method, selecting ascorbic acid as both a reducing agent and an etching agent.
By etching the {1 0 0} crystal plane of Cu2O with ascorbic acid, they successfully synthe-
sized concave cubic Cu2O with a concave {1 0 0} surface. They also synthesized octapod
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Cu2O by adjusting the water-to-n-butanol ratio in the precursor, improving hydrogen
production efficiency through morphology modification. However, the poor charge sep-
aration ability of Cu2O limits its photocatalytic applications [20]. Therefore, combining
Cu2O with other semiconductor materials is a feasible way to improve the separation
rate of photoexcited electron–hole pairs. [21–23] The electron—hole recombination is a
major challenge for many photocatalysts. The recombination problem can be reduced by
combining appropriate semiconductor materials to form composite photocatalysts, thereby
enhancing their photocatalytic activity. Composite photocatalysts can form type-I, type-II,
or Z-scheme structures.

CuO is a p-type semiconductor that features high conductivity and good stability. It
can absorb light in the near-infrared region [24]. CuO-based composites have been used for
photocatalysis-related applications. [25–28] CuO/Cu2O composites have been applied in
various applications. Na Wang et al. [29] synthesized Cu2O/CuO flower-like structures
using a hydrothermal method as sensing materials for NO2 sensors. The Cu2O/CuO sensor
has a detection limit as low as 5 ppb, with excellent selectivity, repeatability, and response
speed. Animesh et al. [30] deposited Cu2O/CuO on nickel foam through electrodeposition
and annealing, applying it to the electrocatalytic reduction of CO2 to methanol. They found
that at an annealing temperature of 300 ◦C, the electrocatalyst exhibited the highest current
density and better Faradaic efficiency. Bayat et al. [31] synthesized CuO/Cu2O heterojunc-
tions using copper powder as a precursor via chemical thermal oxidation, applying them
to degrade methyl orange and methylene blue. They found that a higher Cu2O content
in the CuO/Cu2O heterojunction led to better degradation efficiency. According to our
literature survey, most of the Cu2O/CuO composites were used as photocathodes for the
photoelectrochemical H2 production application [32–37]. Only a few papers reported the
photocatalytic H2 production performance of the Cu2O/CuO composites with different
morphology synthesized by various methods. The sacrificial solution was also different.
Luévano-Hipólito et al. [38] reported the photocatalytic H2 production by Cu2O/CuO
nanoneedles using seawater as the sacrificial solution. The Cu2O/CuO photocatalysts were
synthesized by the thermal oxidation of the copper mesh. Dubale et al. [39] studied the
photocatalytic H2 production performance of a carbon-supported chrysanthemum-like
Cu2O/CuO nanocomposite using an aqueous methanol solution as the sacrificial solution.
Cu2O/CuO nanocomposites were prepared from Cu-based metal–organic frameworks
(MOF) by heat treatment in the air and Ar environment. Yoo et al. [40] reported the
photocatalytic H2 production by ZnO/Cu2O-CuO photocatalysts using an aqueous Na2S
solution as the sacrificial solution. The Cu2O-CuO oxide-decorated ZnO heterostructures
were prepared by the thermal oxidation of the ZnO/CuS nanostructures.

In this study, cubic Cu2O nanomaterials were synthesized using the hydrothermal
method, followed by calcination to synthesize cubic Cu2O, Cu2O/CuO, and CuO pho-
tocatalysts. Their photocatalytic H2 production performance using an aqueous lactic
acid solution as the sacrificial solution was investigated. Compared with the reported
CuO/Cu2O photocatalysts, this study explored the effect of morphology (nanocubes, syn-
thesized by different methods) and sacrificial solution on the photocatalytic H2 production
activity of CuO/Cu2O photocatalysts.

2. Results and Discussion
2.1. Formation of Nanocomposites
2.1.1. Phase Change

XRD was applied to analyze the crystal phase of the photocatalysts. Figure 1 presents
the XRD spectra of different photocatalysts calcined at various temperatures. The peaks
of uncalcined CunO photocatalyst at 29.6◦, 36.4◦, 42.3◦, 52.5◦, 61.3◦, 73.5◦, and 77.3◦ are
assigned to the (110), (111), (200), (211), (220), (311), and (222) planes of Cu2O (JCPDS
no. 78-2076), respectively (Figure 1 (i)). After being calcined at 400 ◦C and 500 ◦C, the
CunO-400 and CunO-500 photocatalysts show peaks at 2θ positions of 32.5◦, 35.5◦, 38.7◦,
48.7◦, 53.4◦, 58.2◦, 61.5◦, 66.2◦, 68.1◦, 72.3◦, and 75.2◦, corresponding to the (110), (11-1),
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(111), (20-2), (020), (202), (11-3), (31-1), (220), (311), and (22-2) planes of CuO (JCPDS no. 48-
1548), respectively (Figure 1 (v) and (vi)). However, the CunO-275 (Figure 1 (ii)), CunO-300
(Figure 1 (iii)), and CunO-350 (Figure 1 (iv)) photocatalysts exhibited peaks corresponding
to both CuO and Cu2O. When the calcination temperature increased from 275 ◦C to 350 ◦C,
the peak intensity of CuO increased, indicating that the content of CuO in the photocatalyst
increased with temperature. At 400 ◦C, the signal of Cu2O disappeared, indicating that the
photocatalyst had transformed to CuO. As the calcination temperature increased, the Cu2O
photocatalyst gradually oxidized into CuO, with a coexistence of both phases observed
between 275 ◦C and 350 ◦C. The Cu2O primarily grows on the (111) plane, located at
2θ = 36.6◦. The CuO also grows mainly on the (111) plane, observed at 38.9◦ (2θ). These
results indicate that Cu2O mainly grows on the (111) plane, and CuO follows this pattern.
Similar results were reported in the literature. Erdogan et al. [41] prepared Cu2O, CuO, and
Cu2O/CuO through the heat treatment method and investigated the photoelectrochemical
sensing performance of the materials. In their study, Cu2O dominantly grew in the (111)
plane, and CuO was found to follow suit.
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Figure 1. XRD spectra of (i) CunO, (ii) CunO-275, (iii) CunO-300, (iv) CunO-350, (v) CunO-400, and
(vi) CunO-500 samples.

A series of photocatalysts were prepared using the calcination-induced oxidation
method. As the calcination temperature increases, the crystal phase of the photocatalyst
changes from Cu2O to Cu2O/CuO and then to CuO. XRD spectra of samples calcined
at certain temperatures, including CunO-275 and CunO-350 samples, were analyzed to
identify the phase change window. As the calcination temperatures range from 275 ◦C
to 350 ◦C, both phases coexisted in the photocatalyst. Cu2O/CuO composite calcined at
300 ◦C was used for the other tests based on the cost considerations of calcination. The
CunO, CunO-300, and CunO-500 photocatalysts are Cu2O and Cu2O/CuO composites and
CuO photocatalysts, respectively. They were selected for the following properties and
performance evaluation experiments.
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The crystal sizes (D), dislocation density (δ), and strain (ε) of the annealed samples
were evaluated using the XRD data. Table 1 presents the crystal sizes, dislocation density,
and lattice strain of CunO, CunO-275, CunO-300, CunO-350, CunO-400, and CunO-500
samples. The crystal size was calculated using Scherrer’s equation (1) [42].

D = Kλ/(βCos θ) (1)

where “D” is the crystallite size, “K” is the Scherer constant, “λ” is the wavelength of the
x-ray sources, “β” is the FWHM, and “θ” is the peak position.

Table 1. The crystal sizes, dislocation density, and lattice strain of CunO, CunO-275, CunO-300,
CunO-350, CunO-400, and CunO-500 samples.

Sample Peak Position (2θ◦) FWHM (β◦) Size D (nm) Dislocation Density (δ × 10−3 nm−2) Lattice Strain (ε × 10−3)

CunO

36.5539 0.1726 48.472 0.425 2.280
42.4475 0.2011 42.378 0.556 2.259
61.5511 0.272 33.994 0.865 1.992
73.7224 0.3364 29.516 1.147 1.957

Average = 38.590 0.748 2.122

CunO-275 ◦C

36.4021 0.243 34.414 0.844 3.224
42.293 0.272 31.315 1.019 3.068
61.3589 0.3375 27.369 1.334 2.482
73.5085 0.4365 22.715 1.937 2.550

Average = 28.953 1.284 2.831

CunO-300 ◦C

36.4483 0.2608 32.069 0.972 3.456
42.2918 0.4364 19.518 2.624 4.922
61.3786 0.4873 18.957 2.782 3.582
73.5256 0.7402 13.397 5.571 4.323

Average = 20.985 2.987 4.071

CunO-350 ◦C

36.3986 0.284 29.445 1.153 3.769
42.2767 0.2647 32.177 0.965 2.987
61.3876 0.5249 17.600 3.228 3.858
73.5427 0.5461 18.160 3.032 3.188

Average = 24.346 2.094 3.450

CunO-400 ◦C

35.5934 0.2813 29.660 1.136 3.823
38.7622 0.4388 19.192 2.714 5.442
61.6702 0.4155 22.267 2.016 3.037
72.4893 0.3033 32.477 0.948 1.805

Average = 25.899 1.704 3.527

CunO-500 ◦C

35.5616 0.3157 26.426 1.431 4.295
48.8574 0.3726 23.417 1.823 3.579
61.631 0.3446 26.843 1.387 2.520
72.3625 0.4447 22.132 2.041 2.653

Average = 24.704 1.671 3.262

The dislocation density and crystal strain were obtained using Equations (2) and (3),
respectively [42].

δ = 1/D2 (2)

ε = β/(4tan θ) (3)

The CunO-300 photocatalyst shows the highest dislocation values and strain among
the six samples, as shown in Table 1.

2.1.2. Morphology Change

The surface morphology changes in the photocatalyst before and after calcination at
different temperatures were observed by a field emission scanning electron microscope
(FESEM). Figure 2a shows that the uncalcined Cu2O photocatalyst has a cubic nanostructure
with a smooth surface. Figure 2b shows that the CunO-300 photocatalyst calcined at 300 ◦C
also has a cubic nanostructure of varying sizes, with edge lengths ranging from 0.6 to
1.5 µm. The edges of the cubes remain straight, but the appearance changes. The surface of
the photocatalyst becomes rough because of surface-loaded nanoparticles with diameters
of about 20–100 nm. Figure 2c shows the FESEM image of the CunO-500 photocatalyst.
The CunO-500 photocatalyst calcined at 500 ◦C still shows a cubic nanostructure, but it is
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composed of nanoparticles with diameters of 40–250 nm. The results indicate that high-
temperature calcination causes changes in the surface morphology of the photocatalyst.
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Figure 2. FESEM images of (a) CunO, (b) CunO-300, (c) CunO-500; and the (d) TEM, (e) HR-TEM,
and (f) SAED of CunO-300 photocatalyst.

2.1.3. Crystal Phase of CunO-300

A field emission transmission electron microscope (TEM) was applied to observe the
lattice structure and morphology of the photocatalyst. Figure 2d shows the TEM image of
the CunO-300 sample calcined at 300 ◦C. The surface of the photocatalyst became rough,
consistent with the FESEM result of the CunO-300 photocatalyst shown in Figure 2b. The
HRTEM image of CunO-300 (Figure 2e) reveals regions with a lattice spacing of 0.24 nm,
corresponding to the (111) crystal plane of Cu2O (JCPDS no. 78-2076). A lattice spacing
of 0.18 nm is assigned to the (202) crystal plane of CuO (JCPDS no. 48-1548). The selected
area electron diffraction (SAED) pattern of CunO-300 also exhibits diffraction spots related
to the (111), (220), and (310) crystal planes of Cu2O and to the (110) and (202) crystal planes
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of CuO (Figure 2f). These results confirm that the synthesized CunO-300 is a photocatalyst
with the coexisting Cu2O and CuO phases.

2.1.4. EDX of CunO-300 at Edges and Central Regions

The XRD and TEM analyses show that the CunO-300 photocatalyst consists of Cu2O
and CuO phases. Figure 3 presents an analysis of the Cu and O contents at different
positions (edges and central regions) of the CunO-300 photocatalyst. The distribution of
Cu2O and CuO phases at various locations of the photocatalyst during calcination can
be monitored by analyzing the Cu and O elemental composition. The elemental ratio at
different positions (marked by red squares) shows that the Cu content increases towards
the center of the cube. The Cu/O ratio at the surface of the cubic structure is close to 1:1
(Figure 3a). However, the Cu/O ratio approaches 2:1 in central regions (Figure 3b). The
results indicate that the oxidation of Cu2O starts from the outer layer during calcination.
CuO forms gradually from the surface toward the center. Therefore, the Cu and O contents
show gradient spatial distribution.
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2.2. Surface Chemistry

X-ray photoelectron spectroscopy (XPS) was used to analyze the surface elemental
valence states and chemical composition of the photocatalyst. Figure 4 shows the XPS
survey spectra of the (a) CunO, (b) CunO-300, and (c) CunO-500 photocatalysts. Figure 4a
displays the XPS Cu 2p spectrum of the CunO photocatalyst. After deconvolution, the peaks
at 932.2 and 952.5 eV are attributed to Cu+ in Cu2O at the Cu 2p3/2 and Cu 2p1/2 positions,
respectively [43]. Figure 4b shows the XPS O 1s spectrum of the CunO photocatalyst.
After peak deconvolution, two peaks are observed at 529.6 and 531.7 eV, corresponding
to the lattice oxygen (bonded Cu-O) and the adsorbed oxygen (oxygen species physically
adsorbed on the photocatalyst surface), respectively. The results in Figure 4a,b indicate
that the CunO photocatalyst is Cu2O. Figure 4c shows the XPS Cu 2p spectrum of the
CunO-300 photocatalyst after calcination at 300 ◦C. After the deconvolution of XPS data,
the peaks at 932.2 and 952.5 eV correspond to Cu+ in Cu2O at the Cu 2p3/2 and Cu
2p1/2 positions, respectively. In addition, two smaller peaks are observed at 934.2 eV and
953.8 eV, which can be assigned to Cu2+ in CuO at the Cu 2p3/2 and Cu 2p1/2 positions,
respectively [44]. Satellite peaks at 941.3, 943.7, and 962.2 eV are also observed, indicating
the existence of Cu2+ in CuO [45]. Figure 4d illustrates the XPS O 1s spectrum of the
CunO-300 photocatalyst, with two peaks at 529.6 and 531.1 eV related to lattice oxygen
and adsorbed oxygen, respectively. The results in Figure 4c,d indicate that the CunO-300
photocatalyst contains both Cu2O and CuO phases. Figure 4e presents the XPS Cu 2p
spectrum of the CunO-500 photocatalyst after calcination at 500 ◦C. It shows signals for
Cu2+ in CuO at the Cu 2p3/2 and Cu 2p1/2 positions. The satellite peaks characteristic of
Cu2+ in CuO are also observed. Figure 4f shows the XPS O 1s spectrum of the CunO-500
photocatalyst, with two peaks related to lattice oxygen and adsorbed oxygen, respectively.
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2.3. Light Absorption and Band Gaps

Figure 5a shows the UV–visible diffuse reflectance spectra (DRS) of the uncalcined
photocatalyst and samples calcined at different temperatures. The uncalcined CunO photo-
catalyst appears as a red powder. The DRS reveal that the main absorption range of the
CunO photocatalyst lies between 300 and 650 nm, with the absorption edge at 650 nm. The
calcined CunO-300 and CunO-500 photocatalysts possess enhanced UV and visible light ab-
sorption capabilities. The absorption edge of the CunO-500 photocatalyst extends to 900 nm.
Compared with the uncalcined CunO, both CunO-300 and CunO-500 photocatalysts exhibit
much higher absorptions at the 500–1200 nm range. CunO-300 shows the highest light
absorption among the three samples. Figure 5b presents the Tauc plots of CunO, CunO-300,
and CunO-500 photocatalysts. The Tauc plots of CunO and CunO-500 photocatalysts allow
the estimation of the band gaps of Cu2O and CuO, which are approximately 1.92 eV and
1.33 eV, respectively.

83



Catalysts 2024, 14, 926Catalysts 2024, 14, x FOR PEER REVIEW 8 of 17 
 

 

 
Figure 5. (a) DRS (b) Tauc plots of (i) CunO, (ii) CunO-300, (iii) CunO-500; (c) photocatalytic hydrogen 
production activity of uncalcined CunO, and CunO-200, CunO-300, CunO-400, CunO -500 photocata-
lysts calcined at different temperatures (200, 300, 400, and 500 °C). (d) EIS and (e) photocurrent–
time curves under the light on/off illumination by the Xe lamp. (f) PL spectra of (i) CunO, (ii) CunO-
300, and (iii) CunO-500 samples. 

2.4. Photocatalytic H2 Production Performance 
Figure 5c shows the hydrogen production performance of uncalcined CunO and pho-

tocatalysts calcined at different temperatures (200, 300, 400, and 500 °C), labeled as CunO, 
CunO-200, CunO-300, CunO-400, and CunO-500 using lactic acid as the sacrificial agent. 
The CunO, CunO-200, CunO-300, CunO-400, and CunO-500 photocatalysts are Cu2O, Cu2O, 
the Cu2O/CuO composite, CuO, and CuO photocatalysts, respectively. It is reported that 
if the Cu2O/CuO heterostructures are used, a sacrificial agent should be added to prevent 
the decrease in the photocatalytic activity during the water-spliĴing reaction. Otherwise, 
the activity of Cu2O/CuO photocatalysts will decrease because of the photoreduction of 
CuO to Cu2O, competing with the photogenerated electrons [38]. The gas chromatogram 
for H2 generation of the CunO-300 photocatalyst is shown in Figure S1. The first peak ob-
served during the gas chromatography at a retention time of 1.25 min with an abundance 

Figure 5. (a) DRS (b) Tauc plots of (i) CunO, (ii) CunO-300, (iii) CunO-500; (c) photocatalytic hydrogen
production activity of uncalcined CunO, and CunO-200, CunO-300, CunO-400, CunO -500 photocata-
lysts calcined at different temperatures (200, 300, 400, and 500 ◦C). (d) EIS and (e) photocurrent–time
curves under the light on/off illumination by the Xe lamp. (f) PL spectra of (i) CunO, (ii) CunO-300,
and (iii) CunO-500 samples.

2.4. Photocatalytic H2 Production Performance

Figure 5c shows the hydrogen production performance of uncalcined CunO and pho-
tocatalysts calcined at different temperatures (200, 300, 400, and 500 ◦C), labeled as CunO,
CunO-200, CunO-300, CunO-400, and CunO-500 using lactic acid as the sacrificial agent.
The CunO, CunO-200, CunO-300, CunO-400, and CunO-500 photocatalysts are Cu2O, Cu2O,
the Cu2O/CuO composite, CuO, and CuO photocatalysts, respectively. It is reported that if
the Cu2O/CuO heterostructures are used, a sacrificial agent should be added to prevent
the decrease in the photocatalytic activity during the water-splitting reaction. Otherwise,
the activity of Cu2O/CuO photocatalysts will decrease because of the photoreduction of
CuO to Cu2O, competing with the photogenerated electrons [38]. The gas chromatogram
for H2 generation of the CunO-300 photocatalyst is shown in Figure S1. The first peak
observed during the gas chromatography at a retention time of 1.25 min with an abundance
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of 350,000 is assigned to H2, revealing the successful H2 production through photocatalysis
under light irradiation. The effects of calcination temperatures on the photocatalytic H2
production performance of the photocatalysts were studied. CunO and CunO-200 are Cu2O.
The CunO-200 photocatalyst has higher hydrogen production activity (9042 µmol g−1h−1)
than uncalcined CunO (7417 µmol g−1h−1). The CunO-300 photocatalyst (Cu2O/CuO
composite) achieves the highest hydrogen production activity (11,888 µmol g−1h−1). Fur-
ther increasing the calcination temperature leads to the formation of CuO and a slight
decrease in the activity. CunO-400 and CunO-500 become CuO. The CunO-500 photocata-
lyst has slightly higher hydrogen production activity (10,863 µmol g−1h−1) than CunO-400
(11,096 µmol g−1h−1). The results reveal that the hydrogen production activity follows
the trend: Cu2O/CuO composite > CuO > Cu2O. In addition, comparing CuO (CunO-400
and CunO-500) and Cu2O (CunO and CunO-200), photocatalysts calcined at higher tem-
peratures (CunO-200 and CunO-500) exhibit higher activity than their analogs (CunO
and CunO-400). In this study, the CunO-300 photocatalyst with higher dislocation and
microstrains (Table 1) exhibits better photocatalytic H2 production performance.

Table 2 presents a comparison table of the photocatalyst morphology, photocatalyst
crystal structure, sacrificial agent (reaction solution), light source, and photocatalytic H2
production activity of Cu2O-based and Cu2O-CuO-based composite photocatalysts. Cu2O-
based composite photocatalysts, such as Cu2O/rGO [46] and Zn-Doped Cu2O/Pt [47],
show good H2 production activity (4530 and 3817 µmol·h−1g−1). Only a few papers re-
ported the photocatalytic H2 production performance of the Cu2O/CuO composites with
different morphology synthesized by various methods. The sacrificial solution was also
different. Luévano-Hipólito et al. [38] reported that the photocatalytic H2 production
activity via Cu2O/CuO nanoneedles under LED irradiation was 230 µmol·h−1g−1 using
seawater as the sacrificial solution. The photocatalysts were synthesized by the thermal
oxidation of copper meshes. Dubale et al. [39] reported that the photocatalytic H2 produc-
tion performance of a carbon-supported chrysanthemum-like Cu2O/CuO nanocomposite
under Xe lamp exposure using an aqueous methanol solution as the sacrificial solution
reached 26,700 µmol·h−1g−1. Yoo et al. [40] reported that the photocatalytic H2 produc-
tion activity through ZnO/Cu2O-CuO photocatalysts using an aqueous Na2S solution
as the sacrificial solution was 1092.5 µmol·h−1g−1. These photocatalysts were prepared
by different methods, including the thermal oxidation of the copper mesh [38], the heat
treatment of a Cu-based metal–organic frameworks (MOF) [39], and the thermal oxidation
of the ZnO/CuS nanostructures [40]. The crystal structures of the photocatalysts consist of
cubic Cu2O and monoclinic CuO. In this study, Cu2O/CuO photocatalysts were synthe-
sized using a hydrothermal method and the calcination process. The photocatalytic H2
production activity by cubic Cu2O/CuO photocatalysts under Xe lamp irradiation reached
11,888 µmol·h−1g−1 using an aqueous lactic acid solution as the sacrificial solution.

Table 2. The photocatalyst morphology, photocatalyst crystal structure, sacrificial agent (reaction
solution), light source, and photocatalytic H2 production activity of Cu2O-based and Cu2O-CuO-
based composite photocatalysts.

Samples Morphology Crystal Structure Reaction Solution Light Source Activity
(µmol·h−1g−1) Ref.

Cu2O-CuO Nanoneedle Seawater LED lamp 230 [38]
C@Cu2O/

CuO Chrysanthemum-like cubic Cu2O,
monoclinic CuO Methanol/water 350 W Xe lamp

(UV cutoff filter) 26,700 [39]

ZnO/Cu2O-CuO Pseudo-spherical ZnO with
Cu2O-CuO nanoparticle

cubic Cu2O,
monoclinic CuO Na2S/water Standard solar

irradiation 1092.5 [40]

Cu2O/rGO Nanoparticle cubic phase Cu2O TEOA + water 300 W Xe lamp 4530 [46]
Zn-Doped
Cu2O/Pt Hollow microcube cubic phase Cu2O Glucose + water 300 W Xe lamp 3817 [47]

Cu2O/CuO Nanocube cubic Cu2O,
monoclinic CuO Lactic acid + water 300 W Xe lamp 11,888 This study
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2.5. Electrochemical Impedance Spectroscopy (EIS)

The Nyquist plot of EIS is used to assess the charge transfer resistance of different
photocatalysts. Figure 5d shows the EIS spectra for CunO, CunO-300, and CunO-500
photocatalysts. Among these photocatalysts, the CunO photocatalyst exhibits a larger
Nyquist plot radius, indicating higher charge transfer resistance. Calcination helps reduce
the Nyquist plot radius of the photocatalyst. The CunO-300 photocatalyst has the smallest
Nyquist plot radius, indicating the lowest charge transfer resistance. The Nyquist plot
radius of the CunO-500 photocatalyst is similar to that of the CunO-300 photocatalyst.
Calcination reduces the charge transfer resistance of the photocatalyst. The fitted equivalent
circuit is demonstrated in the inset of Figure 5d. The RCT, CSC, and τ represent the series
resistance, charge-transfer resistance at the electrolyte/photocatalyst interface, space-charge
capacitance, and the lifetime of electrons, respectively. The lifetime of electrons at the
depletion layer was obtained using Equation (4) [48]. The RCT, CSC, and τ of CunO,
CunO-300, and CunO-500 samples are listed in Table 3.

τ = RCT × CSC (4)

Rct is in the decreasing order of CunO > CunO-500 > CunO-300. τ decreases in the order
of CunO > CunO-500 > CunO-300. CunO-300 has the lowest interface resistance. CunO-300
exhibits the shortest lifetime, indicating that the electrons of the CunO-300 photocatalyst
spend less time in the depletion layer, resulting in the lowest recombination probability and
the highest photocatalytic performance among the three samples. The recombination rate of
photoexcited electron–hole pairs was reduced after forming the CuO/Cu2O heterojunction.

Table 3. The charge-transfer resistance, space-charge capacitance, and electron lifetime of CunO,
CunO-300, and CunO-500 photocatalysts.

Photocatalysts Rct (Ω) Csc (F) τn (s)

CunO 1623 2.7 × 10−5 4.4 × 10−2

CunO-300 1204 7.1 × 10−9 8.6 × 10−6

CunO-500 1391 5.6 × 10−7 5.6 × 10−7

2.6. Photocurrent Response

The photocurrent response is used to evaluate the effectiveness of photogenerated
electron–hole pair separation and the stability of repeated photocatalyst operations in
different photocatalyst samples under instant illumination [49,50]. The photocatalysts
are expected to display fast and high photocurrent response. [51] It was reported that
enhanced light harvesting and close contact between the components may lead to enhanced
photocurrent response [52–54]. Figure 5e shows the photocurrent response of (a) CunO,
(b) CunO-300, and (c) CunO-500 photocatalysts. The CunO-300 photocatalyst has the
highest negative photocurrent, while the uncalcined CunO photocatalyst has the weakest
negative photocurrent. The photocurrent intensity of the CunO-300 photocatalyst calcined
at 300 ◦C is about three times that of the uncalcined CunO photocatalyst, indicating better
photogenerated electron–hole pair separation and charge transfer efficiency. The negative
photocurrent is observed because Cu2O is a p-type semiconductor [55].

2.7. Photoluminescence (PL)

Figure 5f shows the fluorescence spectra of the uncalcined CunO and the calcined
photocatalysts CunO-300 and CunO-500. The fluorescence signals were observed at 753 nm
for all samples when excited with a 500 nm wavelength light source at room temperature.
The uncalcined CunO exhibited the strongest fluorescence signal, indicating a higher
electron–hole recombination rate. In contrast, the fluorescence signal intensity of the
calcined CunO-300 and CunO-500 photocatalysts significantly decreased, suggesting that
the CuO formed on the surface of Cu2O after calcination effectively reduced the electron–
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hole recombination rate. The fluorescence signal intensity of CunO-300 was lower than
that of CunO-500. The formation of interfacial contact between CuO and Cu2O resulted in
improved charge separation and photocatalytic activity. Similar results were observed by
Bayat et al. [31] in their study on enhancing the photocatalytic activity of Cu2O/CuO by
controlling Cu2O content for the degradation of methyl orange and methylene blue.

2.8. Mott–Schottky Plot

Figure 6a,b shows the Mott–Schottky plots for Cu2O and CuO, respectively. Using
the Hg/HgO (1 M NaOH) electrode, the flat band potentials of Cu2O and CuO obtained
from the Mott–Schottky plots are 0.85 V and 1.08 V, respectively. The potential of Hg/HgO
(1 M NaOH) is +0.14 V higher than that of the standard hydrogen electrode (SHE). There-
fore, the flat band potentials of Cu2O and CuO are 0.99 V and 1.22 V, respectively. The
valence band (VB) potential of p-type semiconductors is 0.1–0.3 eV more positive than the
flat band potential (Efb) [56]. Hence, the valence bands of Cu2O and CuO are calculated to
be 1.09 V and 1.32 V, respectively. The band gaps of Cu2O and CuO are 1.92 eV and 1.33 eV,
respectively. Based on the relationship between the band gap, conduction band and valence
band, the conduction bands of Cu2O and CuO are −0.83 V and −0.01 V, respectively.
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2.9. Band Structure and Proposed Photocatalysis Mechanism

Using the flat band potentials (Efb) from the Mott–Schottky plots and the band gaps
(Eg) from the Tauc plots, the valence band (VB) and conduction band (CB) positions of
Cu2O and CuO are determined, and a band structure diagram is constructed. Figure 6c
shows the band structure of Cu2O and CuO and a schematic diagram of the hydrogen
production mechanism. The VB of CuO is lower than that of Cu2O, while the CB of Cu2O
is higher than that of CuO. The composite photocatalyst formed by combining Cu2O
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and CuO is a typical type II heterojunction. Upon illumination, electrons in Cu2O are
transferred from the CB to the CB of CuO. Meanwhile, holes move from the VB of CuO to
the VB of Cu2O. This complete separation of electrons and holes can effectively enhance
the photocatalytic activity of the Cu2O/CuO composite. The reaction mechanism can be
inferred as follows: Cu2O generates electron–hole pairs under light excitation (Equation (5)).
CuO also generates electron–hole pairs under light irradiation (Equation (6)). The electrons
in Cu2O jump to the conduction band of CuO (Equation (7)). The CuO, which gains
electrons, undergoes a reduction reaction with water to produce hydrogen (Equation (8)).
The holes in CuO jump to the conduction band of Cu2O. At this point, lactic acid acts as a
hole scavenger and is oxidized to pyruvic acid (Equation (9)) [57].

Cu2O + hv → Cu2O
(
e− + h+

)
(5)

CuO + hv → CuO
(
e− + h+

)
(6)

Cu2O
(
e−

)
+ CuO → CuO

(
e−

)
(7)

2e−(CuO) + H2O → H2 + 2OH− (8)

2h+(Cu2O) + C3H6O3 + 2OH− → C3H4O3 + H2O (9)

2.10. Vacancy Analysis (Electron Paramagnetic Resonance, EPR)

EPR is a sensitive spectroscopic tool for investigating paramagnetic species. Figure 6d
presents the EPR spectra of CunO, CunO-300, and CunO-500. CunO and CunO-500 photocat-
alysts did not exhibit an EPR signal. However, the CunO-300 photocatalyst had a significant
EPR signal at g = 2.003 (Figure 6d), which can be attributed to oxygen vacancy [58,59]. Wei
et al. found that there was a lattice mismatch at the interface of the heterojunction, leading
to the formation of a lot of oxygen vacancies [60]. In summary, EPR spectra proved the
formation of oxygen vacancy in the CunO-300 (Cu2O/CuO composite) sample.

XRD spectra (Figure 1) indicated that the CunO, CunO-300, and CunO-500 photocata-
lysts are Cu2O, the Cu2O/CuO composite, and CuO photocatalysts, respectively. CunO-300
shows the highest light absorption among the three samples (Figure 5a). The Cu2O/CuO
composite (CunO-300 sample) exhibits higher photocatalytic activity than Cu2O (CunO) and
fully oxidized CuO (CunO-500 samples) (Figure 5c). Hence, the increased photocatalytic
H2 production activity of the CunO-300 sample is due to the enhanced light absorption and
the formation of CuO/Cu2O heterojunctions that can improve the separation of photogen-
erated carriers (photocurrent response (Figure 5e) and PL spectra (Figure 5f)).

3. Materials and Methods
3.1. Chemicals

The copper sulfate pentahydrate (SHOWA), sodium citrate (J.T.Baker, Center Valley, PA,
USA), sodium carbonate (Thermo Fisher Scientific, Ward Hill, MA, USA), polyvinylpyrroli-
done (PVP, MW = 40,000, St. Louis, MO, USA) (Aldrich), glucose (Sigma, St. Louis, MO,
USA), and lactic acid (TEDIA, Fairfield, CA, USA) were used as received.

3.2. Preparation of Cubic Cu2O Photocatalyst

A total of 0.7 g of PVP was dissolved in 50 mL of deionized water. Then, 3 mL of
0.68 M CuSO4.5H2O solution, 3 mL of 0.74 M sodium citrate solution, and 3 mL of 1.2 M
sodium carbonate solution were sequentially added. The mixture was slowly added into
3 mL of 1.4 M glucose solution while stirring thoroughly. The solution was heated in an oil
bath at 80 ◦C and stirred continuously for 2 h. After cooling, the product was collected by
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centrifugation. The product was washed several times using deionized water and ethanol.
CunO powder was obtained after drying.

3.3. Preparation of Cubic Cu2O/CuO Photocatalyst

The Cu2O powder was placed in a crucible and heated in a high-temperature furnace
at a rate of 4 ◦C per hour, holding at the calcination temperatures for 3 h. Then, the obtained
powder is the final product. The calcinated samples are called CunO-T. T means that the
samples were calcined at T ◦C.

3.4. Material Characterization

An X-ray diffraction diffractometer (XRD) (D8 SSS, Bruker, Karlsruhe, Germany) was
used to identify the crystal structures of photocatalysts. Scanning electron microscopy
(SEM, HITACHI S-4800, Hitachi, Tokyo, Japan) was utilized to determine the morphologies
of samples. A JEOL/JEM-2100F (JEOL, Tokyo, Japan) transmission electron microscope
(TEM) was applied to obtain high-resolution TEM (HRTEM) images and element map-
pings. X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy
(UPS) were carried out using a ULVAC PHI/Versa Probe 4 instrument (ULVAC, Chigasaki,
Japan). The photoluminescence (PL) was measured by a fluorescence spectrophotometer
(FluoroMax-Plus, HORIBA, Miyanohigashi, Japan). A UV/VIS/NIR diffuse reflectance
spectrophotometer (V-700, JASCO, Tokyo, Japan) was employed for the diffuse reflectance
spectra (DRS) measurements.

3.5. Photocatalytic H2 Production

The photocatalyst (10 mg) was dispersed in a closed quartz reactor with 150 mL of
aqueous solution containing 30 wt% lactic acid as the sacrificial agent. The quartz reactor
was placed in a water bath and irradiated by a 300 W xenon lamp at the light intensity
of 0.24 kw/m2 (measured by a power meter, gigahertz-optik SN60306) under continuous
stirring. After being irradiated for three hours, the volume of collected gas was determined.
The concentration of H2 was determined using a Shimadzu GC-2014 (Shimadzu, Kyoto,
Japan) gas chromatography (GC) machine with a molecular-sieve column (5 Å) and a
thermal conductivity detector, using argon as the carrier gas. The experimental setup is
similar to that reported in our previous study [61].

3.6. Photoelectrochemical Tests

Electrochemical impedance spectroscopy (EIS) and the photocurrent response of the
photocatalysts were obtained by a CHI 920D workstation and a three-electrode system.
The photocatalyst-coated FTO (fluorine-doped tin oxide) glass was used as the working
electrode. The platinum plate and Hg/HgO/1 M NaOH were used as the counter electrode
and the reference electrode, respectively. The solution containing Na2SO4 (0.1 M) was
prepared as the electrolyte for the measurement of EIS. The photocurrent response was
investigated using a three-electrode system with sacrificial solution (aqueous solution
containing 30 wt% lactic acid) as the electrolyte under the Xenon lamp irradiation. The
photocurrent was measured under the irradiation of chopped light for five on/off cycles.
The duration of light irradiation and dark is 60 s for each on/off cycle.

4. Conclusions

A cubic Cu2O/CuO composite photocatalyst was prepared by the calcination-induced
oxidation method. As the calcination temperature increases, the crystal phase of the photo-
catalyst changes from Cu2O to Cu2O/CuO and then to CuO. Meanwhile, the morphology
changed from cubes with smooth surfaces to cubes with surface-loaded nanoparticles,
and then cubes consisting of nanoparticles. As the calcination temperatures range from
275 ◦C to 350 ◦C, both phases coexist in the photocatalyst. XRD, XPS, and TEM results con-
firmed the successful synthesis of cubic Cu2O/CuO composite photocatalyst CunO-300. At
400 ◦C, the signal for Cu2O disappeared, indicating that the photocatalyst had completely

89



Catalysts 2024, 14, 926

transformed into CuO. Photoluminescence spectra and photocurrent analysis showed the
effective separation of photogenerated electrons and holes for the Cu2O/CuO composite
photocatalyst. DRS and EIS results showed that the Cu2O/CuO composite photocatalyst
exhibited better light absorption and lower charge transfer resistance than the Cu2O pho-
tocatalyst. The best hydrogen production efficiency was observed with the Cu2O/CuO
photocatalyst calcined at 300 ◦C, achieving 11,888 µmol g−1h−1, which is 1.6 times higher
than that of Cu2O (7413 µmol g−1h−1). EPR spectra reveal that the Cu2O/CuO catalyst
(CunO-300) contains rich oxygen vacancies (OVs), while pristine Cu2O and CuO catalysts
(CunO and CunO-500) do not. The Mott–Schottky and Tauc plots reveal that the compos-
ite photocatalyst. Cu2O/CuO is a type II photocatalyst. The staggered band alignment
(type-II heterojunction), oxygen vacancies, and improved light absorption lead to improved
electron–hole separation efficiency and the activity of Cu2O/CuO photocatalyst.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/catal14120926/s1. Figure S1: The gas chromatogram for H2 generation of
the CunO-300 photocatalyst.
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Abstract: Herein, we report the synthesis and characterization of lanthanum-doped MoS2 (La-MoS2)
via a hydrothermal route. The synthesized La-MoS2 was characterized using powder X-ray diffraction
(PXRD), scanning electron microscopy (SEM), and energy-dispersive X-ray (EDX) techniques. The
band gap of La-MoS2 was observed to be 1.68 eV, compared to 1.80 eV for synthesized MoS2. In the
photoluminescence (PL) spectra, a decrease in the intensity was observed for La-MoS2 compared
to MoS2, which suggests that due to doping with charged La3+, separation increases. The as-
synthesized MoS2 and La-MoS2 were used for photocatalytic hydrogen evolution reactions (HERs),
exhibiting 928 µmol·g−1 evolution of H2 in five hours for a 10 mg dose of La-MoS2, compared to
612 µmol·g−1 for MoS2. A 50 mg mass of the catalyst (La-MoS2) exhibited enhanced H2 production
of 1670 µmol·g−1 after five hours. The higher rate of the HER for La-MoS2 is because of doping with
La3+. The photocatalytic hydrogen evolution performance of La-MoS2 was also evaluated for different
doses of La-MoS2 exhibiting reusability up to the fourth cycle, showing potential applications of
La-MoS2 in hydrogen evolution reactions. Mechanistic aspects of the HER on the surface of La-MoS2

have also been discussed.

Keywords: La-doped MoS2; hydrogen production; photocatalysis

1. Introduction

In the past few decades, rapid expansion of industries and a growing global population
have posed significant challenges for humanity in meeting its energy needs [1]. Over
the past few years, energy demand has been risen exponentially [2]. At present, the
primary source of energy is fossil fuels, which are rapidly depleting and have harmful
environmental effects when utilized [2]. To overcome this challenge, researchers and
scientists are working on the development of sustainable technologies designed to reduce
environmental impact. Solar energy has been proved to be one of the most efficient
and green of all energy sources. The sun provides an enormous amount of solar energy,
around 1022 joules, which can contribute to the development of next generation energy
technologies [3]. Thus, it is essential to utilize solar energy for the development of green and
renewable energy technology for the future. In connection with this, hydrogen energy is
considered one of the most efficient energy technologies to fulfill energy requirements [4,5].
Photocatalytic hydrogen generation by the use of solar energy on the surface of a catalyst
(semiconductor) is a very propitious alternative for resolving the present energy and
environmental crisis [6–8]. Hydrogen fuel provides a high yield of energy upon combustion,
i.e., 122 kJ/mol, which is far better than any other fossil fuel (gasoline, coal, etc.) [9,10]. The
process of hydrogen generation by photocatalysis is environmentally benign, producing
no harmful byproducts [11]. The use of photocatalytic materials for the generation of
hydrogen was demonstrated for the first time in 1972 [12]. Thereafter, a great number of
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semiconductor materials have been designed and demonstrated for the efficient generation
of hydrogen [13–15]. A series of MoS2-TiO2 photocatalysts have been designed by Zhu
et al. [16], using a ball-milling process. Due to the introduction of MoS2, a decrease
in the recombination of photogenerated charge carriers was observed, enhancing the
photocatalytic performance compared to pure TiO2. The rate of the HER was enhanced
to 150.7 µmol/h for the 4.0 wt% MoS2-TiO2 catalyst. Kumar et al. designed defect-rich
MoS2 nanosheets and decorated them with nitrogen-doped ZnO nanorod composites [17].
For this photocatalyst, optimal hydrogen evolution (17.3 mmol h−1 g−1) was recorded for
15 wt% defect-rich MoS2 nanosheets coated on N-ZnO. The results also demonstrated that
a defect-induced interfacial contact region developed on encapsulation of defect-rich MoS2
across N-ZnO, resulting in a composite that further increased the photocatalytic activity of
the designed semiconductor system.

Doping of MoS2 with a metal or nonmetal may generates defects along with alteration
of the optical bandgap. For a Co-doped MoS2/g-C3N4 composite, a very good photocat-
alytic reduction rate of water has been reported by Hu et al. [18] with a 0.31 mmol g−1h−1

rate of H2 evolution due to the generation of an edge-enriched 1T phase as a result of Co
doping. Additionally, the rate of photocatalysis can be enhanced by depositing a metal on
MoS2. With metal deposition on MoS2, the interfacial charge transfer rate is enhanced along
with the generation of a local electric field via the Schottky junction. It may also broaden
the absorption spectrum to the near-infrared region. Scientists have studied the deposition
of several metals, viz., copper [19], silver [20] gold [21], platinum [22], and palladium [23],
on MoS2, showing the creation of plasmonic photocatalysts absorbing strong visible light
along with size- and shape-dependent surface plasmon resonance (SPR) effects.

Metal dichalcogenide compounds have received a great deal of attention because
of their excellent optoelectronic properties. Metal dichalcogenide compounds including
metal sulfides (such as MoS2), selenides, and tellurides exhibit tunable band gaps and
high surface activity, making them suitable for semiconductors, photocatalysis, and energy
storage. Metal chalcogenides, especially in two-dimensional forms, have gained attention
for hydrogen evolution reactions (HERs) and other electrochemical applications, as they
offer excellent electron mobility and catalytic efficiency. MoS2 is a 2D layered material
characterized by a large surface area, tunable electronic properties, and structural flexibility,
which make it suitable for catalytic processes. Its catalytic activity in HERs is primarily
driven by the active edge sites of the MoS2 layers, where sulfur vacancies and exposed
Mo atoms enhance electron transfer and improve reaction kinetics. One key property
of MoS2 is its relatively low overpotential, especially when engineered with additional
defects or doped with metals such as Ni or Co, which introduce more active sites and
increase conductivity. The basal plane, which is generally inert, can also be activated
through exfoliation, creating more active edge sites. Additionally, MoS2 has excellent
stability at acidic and neutral pH values, making it a durable option for water-splitting
applications. Recent research focuses on synthesizing MoS2 heterostructures with materials
such as graphene or carbon nanotubes, further enhancing conductivity and stability. These
modifications make MoS2-based catalysts a promising alternative to noble metals in efficient
and cost-effective H2 production. MoS2, a layered transition metal dichalcogenide, is
generated by the stacking of S–Mo–S atomic layers that are held together by van der Waals
forces present among them [24]. When MoS2 is changed from bulk to the nanoscale, it
exhibits unique physiochemical and optical properties and becomes a potential candidate
for photocatalysis [25]. Bulk MoS2 is optically inactive with an indirect bandgap of 1.29 eV;
it also demonstrates a low photoluminescence response [26]. However, when the thickness
of bulk MoS2 is reduced to a single layer or a few layers, it exhibits a peak at 1.8–1.9 eV
for the direct band gap [27]. In MoS2, speedy/fast transfer of charge carriers occurs when
visible light strikes its surface because of the narrow band gap; therefore, it is a promising
and valuable photocatalyst candidate. However, the fast rate of recombination of charge
carriers limits it applications in photocatalysis reactions [27,28].
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Herein, we report the fabrication of a lanthanum-doped MoS2 photocatalyst for a
hydrogen evolution reaction. La-MoS2 was prepared using a hydrothermal method, and
its photocatalytic activity was examined for a hydrogen evolution reaction under visible
light irradiation. The proposed photocatalyst La-MoS2 also demonstrated decent stability
for hydrogen evolution under visible light irradiation.

2. Results and Discussion
2.1. Material Characterization

To characterize the generated phase, the powder X-ray diffraction patterns of pure
MoS2 and La-MoS2 were recorded and are shown in Figure 1. Four distinctive peaks at 2θ
values of 13.1◦, 32.4◦, 35.8◦, and 57.9◦ were observed in the samples, corresponding to the
(002), (100), (103), and (110) planes of MoS2. The PXRD patterns confirm the presence of a
hexagonal crystal structure (2H-MoS2), which is in accordance with the existing literature
(JCPDS No.: 0037-1492). On comparing the PXRD patterns of both the samples of pure MoS2
and La-MoS2, it was confirmed that almost the same peak position could be observed in
both cases, with a slight shift in La-MoS2. The slight shift in the peak position after doping
may be due to the larger ionic radius of lanthanum (La3+) as compared to molybdenum
(Mo4+), which results in the expansion of the crystalline lattice and is consistent with
Bragg’s equation [29]. In the PXRD pattern of La-MoS2, a higher peak intensity could be
observed as compared to MoS2; this increase in the peak intensity may be ascribed to the
different electron densities of La3+ (dopant) and MoS2 (host), which primarily relate to the
scattering factor, structure factor, etc. In the case of La-MoS2, the increase in the structure
factor may be attributed to increased crystallite size, which results in an increase in the
intensity of PXRD peaks on doping with La3+ [30]. The absence of peaks for elemental
La3+ confirmed that the crystal structure of MoS2 had not been changed due to doping. To
calculate the particle sizes of both MoS2 and La-MoS2, the Debye–Scherrer formula (D = K
λ/β cosθ, where K = 0.89, λ = 0.154, D is the average crystalline size, is β is full width half
maxima (FWHM) and θ is the Bragg angle) has been used in a previous study. The average
crystallite sizes of MoS2 and La-Mos2 samples have been calculated as 17.5 and 21.2 nm,
respectively, showing an increase in the crystallite size of MoS2 on doping with La3+ [31].

Catalysts 2024, 14, x FOR PEER REVIEW 3 of 12 
 

 

rate of recombination of charge carriers limits it applications in photocatalysis reactions 
[27,28]. 

Herein, we report the fabrication of a lanthanum-doped MoS2 photocatalyst for a 
hydrogen evolution reaction. La-MoS2 was prepared using a hydrothermal method, and 
its photocatalytic activity was examined for a hydrogen evolution reaction under visible 
light irradiation. The proposed photocatalyst La-MoS2 also demonstrated decent stability 
for hydrogen evolution under visible light irradiation. 

2. Results and Discussion 
2.1. Material Characterization 

To characterize the generated phase, the powder X-ray diffraction patterns of pure 
MoS2 and La-MoS2 were recorded and are shown in Figure 1. Four distinctive peaks at 2θ 
values of 13.1°, 32.4°, 35.8°, and 57.9° were observed in the samples, corresponding to the 
(002), (100), (103), and (110) planes of MoS2. The PXRD patterns confirm the presence of a 
hexagonal crystal structure (2H-MoS2), which is in accordance with the existing literature 
(JCPDS No.: 0037-1492). On comparing the PXRD patterns of both the samples of pure 
MoS2 and La-MoS2, it was confirmed that almost the same peak position could be observed 
in both cases, with a slight shift in La-MoS2. The slight shift in the peak position after 
doping may be due to the larger ionic radius of lanthanum (La3+) as compared to 
molybdenum (Mo4+), which results in the expansion of the crystalline lattice and is 
consistent with Bragg’s equation [29]. In the PXRD pattern of La-MoS2, a higher peak 
intensity could be observed as compared to MoS2; this increase in the peak intensity may 
be ascribed to the different electron densities of La3+ (dopant) and MoS2 (host), which 
primarily relate to the scattering factor, structure factor, etc. In the case of La-MoS2, the 
increase in the structure factor may be attributed to increased crystallite size, which results 
in an increase in the intensity of PXRD peaks on doping with La3+ [30]. The absence of 
peaks for elemental La3+ confirmed that the crystal structure of MoS2 had not been changed 
due to doping. To calculate the particle sizes of both MoS2 and La-MoS2, the Debye–
Scherrer formula (D = K λ/β cosθ, where K = 0.89, λ = 0.154, D is the average crystalline 
size, is β is full width half maxima (FWHM) and θ is the Bragg angle) has been used in a 
previous study. The average crystallite sizes of MoS2 and La-Mos2 samples have been 
calculated as 17.5 and 21.2 nm, respectively, showing an increase in the crystallite size of 
MoS2 on doping with La3+ [31]. 

 
Figure 1. PXRD patterns of as-obtained MoS2, La-MoS2, and La-MoS2 after stability test. 

  

10 20 30 40 50 60 70 80

JCPDS: 00-37-1492

 In
te

ns
ity

 / 
ar

b.
 u

ni
t

2 (θ)ο

MoS2

La-MoS2 (before photocatalysis)

(110)

(1
03

)

(1
00

)

(002)

La-MoS2 (after photocatalysis)

MoS2 (Simulated XRD)

Figure 1. PXRD patterns of as-obtained MoS2, La-MoS2, and La-MoS2 after stability test.

Figure 2 presents surface morphology of synthesized MoS2 (Figure 2a) and La-MoS2
(Figure 2c). For both of the samples, spherical morphologies were observed, with an
average diameter of approximately one nanometer (Figure 2b,d). The average sizes of the
MoS2 and La-MoS2 particles were found to be 648.26 nm and 676.01 nm, respectively, using
particle size distribution curves (Figure 2b,d).
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Figure 2. SEM image (a) and particle size distribution (b) of MoS2. SEM image (c) and particle size
distribution (d) of La-MoS2.

From the FESEM images, it appeared that the surfaces of the MoS2 and La-MoS2
microspheres were made up of nanoflakes. Hollow microspheres of MoS2 have also been
reported by Afanasiev and Bezverkhy [32], who produced them via a heat treatment
method, and by Chen et al. [33], who produced them via a direct sulfidization route;
these results are similar to ours. Moreover, in these synthesized microspheres, numerous
thin-stretched, folding flakes have also been observed, which are helpful in hydrogen
evolution reactions.

When these active sites are exposed to light, they assist in the transportation of charge
carriers along with participating in oxidation and reduction reactions in the course of
the photocatalytic procedure [34]. EDX spectra of MoS2 and La-MoS2 sub-microspheres
are shown in Figure S1. As shown in the EDX spectrum of MoS2, two signals indicating
the elements Mo and S in the elemental composition were observed, while in the EDX
spectrum of La-MoS2, signals for the element La were also detected. The obtained results
again indicated the phase purity of the synthesized samples.

In order to check the distribution of the elements in the samples, elemental mapping
was also performed. Images of element mapping of MoS2 revealed that the sample con-
tained Mo and S as the main elements, and both elements were uniformly distributed in
the sample (Figure 3a–c). Images of elemental mapping along with the corresponding
overlay and FESEM images for La-MoS2 sample are presented in Figure 3d–g, showing
the presence of the element La in the MoS2 sample. It is evident from the images that the
element La was distributed in lower amounts than Mo and S.
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Figure 3. (a) Electron micrograph and mapping images of the elements (b) Mo and (c) S in the
prepared MoS2. (d) Electron micrograph and mapping images of the elements (e) La, (f) Mo, and
(g) S in the prepared La-MoS2.

To calculate the optical bandgaps of the prepared samples, UV–visible spectra were
been recorded for both the as-prepared MoS2 and La-MoS2 samples. Figure 4a depicts the
UV–visible spectra of both the samples. The results of UV–visible spectroscopy indicated
that there was a significant shift in the absorption band towards visible region in the case
of La-MoS2. To calculate the band gap energy of both the samples, a Tauc plot was created
using the formula (αhυ)2 = A (hυ − Eg). A plot of (αhν)2 against hν is shown in Figure 4b.
The band gap of as-prepared MoS2 was calculated as 1.80 eV, similar to the band gap of
MoS2 monolayer material [35], whereas a significant reduction in the band gap (1.68 eV)
was noticed after doping with La3+, which further affirms that upon doping with La3+, the
visible light absorption property of the synthesized photocatalyst was enhanced.
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PL spectra of MoS2 and La-MoS2 are shown in Figure S2. The main role of photo-
luminescence (PL) spectroscopy is to investigate migration, electron transfer efficiency,
and electron trapping in semiconductor materials [36]. When the rate of recombination
of electron–hole pairs is high, the peaks in the PL spectrum are intense. Thus, it is clear
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from the recorded PL spectra of MoS2 and La-MoS2 that on doping with La3+, the rate of
recombination of electron–hole pairs decreases, as the intensity La-MoS2 is less than that of
pure MoS2. The decrease in the recombination rate is due to the introduction of a discrete
energy level due to doping with La3+.

2.2. Photocatalytic Performance of La-MoS2

To analyze the photocatalytic efficiency, the synthesized MoS2 and La-MoS2 samples
were suspended in water using lactic acid as a sacrificial agent, and the whole suspensions
were stimulated with solar irradiation. Figure 5a shows the results of hydrogen production
using 10 mg of photocatalyst. With increasing time, the photocatalytic efficiency increases
for both MoS2 and La-MoS2, but for La-MoS2, the rate of the photocatalytic hydrogen
evolution rection (HER) was much higher than for MoS2. After 5 h, the amount of H2
was found to be 612 µmol·g−1 for MoS2 and 918 µmol·g−1 for La-MoS2. Thus, it may be
concluded that La-MoS2 works better for the HER as compared to MoS2 due to charge
separation. Hence, for further experiments, La-MoS2 was taken into consideration. The
effects of different doses of La-MoS2 are shown in Figure 5b. The doses of La-MoS2 were
varied between 10–50 mg. The results were collected at intervals of one hour for a total
of five hours. As shown in Figure 5b, with an increasing dose of the photocatalyst, the
amount of H2 production also increased.
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Figure 5. (a) H2 evolution activity of MoS2 and La-MoS2 (10 mg catalyst) in lactic acid. (b) Effect
of different doses of catalyst (La-MoS2; 10–50 mg) in lactic acid. (c) H2 evolution rates for different
catalyst doses. (d) Reusability test.

The highest amount of H2, 1670 µmol·g−1, was obtained for 50 mg catalyst. The rates
of H2 evolution for different catalyst doses are summarized in Figure 5c. Figure 5c shows
that when the dose of La-MoS2 was increased, the rate of H2 production increased more
than 1.5-folds. It reached from 185.6 µmol·h−1·g−1 to 334 µmol·h−1·g−1. In order to use a
catalyst in real-time applications, it is essential to test the stability and reusability of the
photocatalyst; accordingly, for La-MoS2, a reusability test was performed, and it showed
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almost consistent results up to four consecutive cycles (Figure 5d). The XRD results after
the stability test also reflected the acceptable stability of the La-MoS2 (Figure 1).

A potential mechanism for the hydrogen evolution reaction on the surface of La-MoS2
is shown in Scheme 1. The H2 evolution is initiated when visible light strikes the surface
of La-MoS2 and it absorbs photons with energy (hυ) either equal to or greater than its
energy band gap [1]. On absorbing the energy from solar radiation, electrons jump from
the valence band to the conduction band, creating electron–hole pairs and leaving the
holes in the valence band. The photogenerated electrons that are present in the conduction
band reduce H+ into H2, whereas the holes present in the valence band combine with H2O
and break it down into O2 and H+ [37]. These holes also react with the scavenger lactic
acid, changing it to pyruvic acid. The enhanced rate of photocatalytic production over the
surface of La-MoS2 may be attributed to the narrow band gap and synergistic interactions.
This may improve the electron transport process, and enhanced H2 evolution activity can
be observed. Therefore, it can be concluded that controlling the transfer and migration of
charge carriers may enhance the efficiency of photocatalysts, such as the spatial separation
of carriers, elongating their lifetime and thus increasing their photocatalytic performance.
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In previous years, various photocatalysts have been reported for photocatalytic H2
evolution. In particular, MoS2 exhibited acceptable performance for the generation of H2
under visible light irradiation. Xin et al. [38] reported the use of MoS2 as a photocatalyst;
it achieved a demonstrated H2 evolution rate of 99.4 µmol·h−1·g−1 with lactic acid as a
sacrificial reagent. The authors further adopted P-doped MoS2 as a photocatalyst and
explored it for H2 evolution. An enhanced H2 evolution rate of 278.8 µmol·h−1·g−1 was
observed with a similar environment and conditions. The authors stated that doping
with the element P significantly improved the catalytic activity of P-MoS2. In another
published article, MoS2 was used as a photocatalyst, and its photocatalytic activity was
evaluated in presence of SO3

2− sacrificial reagent [39]. The authors found that pristine
MoS2 had lower photocatalytic activity for H2 evolution and a low H2 evolution rate of
39 µmol·h−1·g−1. The authors also used pristine ZnO as a photocatalyst, which achieved a
demonstrated H2 evolution rate of 22 µmol·h−1·g−1. However, an MoS2/ZnO composite
demonstrated a significant improvement in its H2 evolution rate, and a decent H2 evolution
rate of 235 µmol·h−1·g−1 was obtained. Pristine MoS2 also exhibited H2 evolution at
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a rate of 185 µmol·h−1·g−1 in the presence of methanol as a sacrificial reagent [40]. In
another work, MoS2/g-C3N4 composite-based investigations revealed that H2 evolution
at a rate of 441.3 µmol·h−1·g−1 could be observed in presence of triethanolamine as a
sacrificial reagent [41]. Wei et al. [42] also proposed the synthesis of MoN1.2xS2−1.2x@g-
C3N4 as a photocatalyst for H2 production applications. An interesting H2 evolution rate
of 360.4 µmol·h−1·g−1 was observed for the photocatalyst MoN1.2xS2−1.2x@g-C3N4 in the
presence of triethanolamine as a sacrificial reagent. In 2023, Wang et al. [43] proposed the
hydrothermal synthesis of O, P–MoS2 for H2 production application under visible light.
The authors used triethanolamine/acetonitrile as sacrificial reagents and reported that
the H2 evolution rate was 339.3 µmol·h−1·g−1. The aforementioned studies showed that
MoS2-based photocatalysts have a significant role in photocatalytic H2 evolution studies.
The results obtained in the present study are compared with previously reported articles
in Table 1. The comparison of results showed that La-MoS2 showed a decent response for
hydrogen production compared to the many previously reported photocatalysts (Table 1).

Table 1. Comparison of H2 evolution rate of La-MoS2 with published articles.

Photocatalysts H2 Evolution Rate
(µmol·h−1·g−1) Light Source Sacrificial Agent Reference

La-MoS2 334 300 W; Xe lamp (λ = 420 nm) Lactic acid This study

P-MoS2 278.8 300 W; Xe lamp (λ = 420 nm) Lactic acid 38

MoS2 99.4 300 W; Xe lamp (λ = 420 nm) Lactic acid 38

MoS2 39 300 W; Xe lamp (λ = 420 nm) SO3
2− 39

MoS2/ZnO 235 300 W; Xe lamp (λ = 420 nm) SO3
2− 39

ZnO 22 300 W; Xe lamp (λ = 420 nm) SO3
2− 39

g-C3N4 54 300 W; Xe lamp (λ = 420 nm) Methanol 40

MoS2 185 300 W; Xe lamp (λ = 420 nm) Methanol 40

MoS2/g-C3N4 441.3 300 W; Xe lamp (λ = 420 nm) Triethanolamine 41

MoN1.2xS2−1.2x@g-C3N4 360.4 300 W; simulated solar light Triethanolamine 42

O, P–MoS2 339.3 LED light; λ = 420 nm Triethanolamine/acetonitrile 43

3. Materials and Methods
3.1. Materials

Ammonium molybdate tetrahydrate (NH4)6Mo7O24·4H2O; 99.98% trace metal basis),
thiourea (ACS reagent, ≥99.0%), and lanthanum (III) nitrate hexahydrate (99.999% trace
metal basis) were purchased from Merck (Mumbai, India). All the other used chemicals and
materials were of analytical grade and used as received from Sigma (Mumbai, India), Alfa
Aesar (Indore, India), and Merck (Mumbai, India). No further treatment or purification
was carried out.

3.2. Synthesis of La-MoS2

In this study, we adopted hydrothermal synthesis method for the preparation of
pristine MoS2 and La-MoS2 materials. In brief, hydrothermal treatment of the reaction
solution of NH4)6Mo7O24·4H2O and thiourea yielded MoS2. In brief, 0.6 g of thiourea was
slowly added to an aqueous solution of 0.5 g ammonium molybdate (30 mL), and this
reaction solution was stirred for 25–30 min at room temperature. A clear solution was
obtained, which was then poured into a Teflon reactor and sealed tightly in a stainless steel
autoclave (the autoclave needed to be carefully tightened to prevent the melting of the
Teflon cup). This autoclave was heated at 180 ◦C for 18 h in a muffle furnace. After cooling
down the furnace, the autoclave was opened; the MoS2 was then collected, washed with DI
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water and ethanol, and dried at 70 ◦C for 8 h in a vacuum oven. In further investigations,
La-MoS2 was also prepared using a hydrothermal method as illustrated in Scheme 2.
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Typically, 0.6 g of thiourea was added to an aqueous solution of 0.5 g ammonium
molybdate. Furthermore, 5 wt% (0.055 g) lanthanum nitrate was added to the above
reaction solution and stirred for 25–30 min at room temperature. After stirring, this solution
was transferred to a Teflon reactor, sealed tightly in a stainless steel autoclave, and heated
at 180 ◦C for 18 h in a muffle furnace (Scheme 2). After cooling down the furnace, the
autoclave was opened, and La-MoS2 was collected using centrifugation, washed with DI
water and ethanol, and dried at 70 ◦C for 8 h in a vacuum oven.

3.3. Instruments

A Rigaku powder X-ray diffractometer (model Rint 2500, manufactured in Rigaku,
Tokyo, Japan) with wavelength of 1.5406 Å and Cu/Kα radiation was used to record the
PXRD results of the synthesized samples. A Supra Zeiss-55 field-emission scanning elec-
tron microscope was used to record the surface morphological images of the synthesized
samples (Zeiss, Jena, Germany). The energy-dispersive X-ray spectroscopy (EDX) results
were obtained on a Horiba EDX spectroscope (Horiba, Kyoto, Japan). An ultraviolet–visible
spectrophotometer (UV-vis spectrophotometer model Cary 100 (Varian, Palo Alto, CA,
USA) was used to capture the UV-vis spectra of the synthesized samples. The photolumi-
nescence (PL) spectra of the samples were obtained on a Dongwoo Optron PL spectrometer.
The hydrogen evolution results were obtained on a gas chromatograph with a thermal
conductivity detector (TCD).

3.4. Photocatalytic H2 Evolution

We used a quartz tube reactor as the photocatalytic H2 production set-up. A mass
of 10 mg of the catalyst (La-MoS2 or MoS2) was added to a mixture of 80 mL DI water
and 20 mL lactic acid. The reaction solution was purged with nitrogen gas for 40 min to
remove unnecessary gases or oxygen. The quartz tube containing the catalyst and reaction
solution was closed with an airtight seal and used for photocatalytic H2 evolution processes
under visible light irradiation (Figure S3). A 300 W xenon lamp with wavelength = 420 nm
was used as the light source. Different doses of the catalyst (La-MoS2; 10, 20, 30, 40, and
50 mg) were used to optimize the performance of the photocatalyst for improved H2
evolution. The generated H2 was taken out using a syringe and measured by employing a
gas chromatograph (in combination with a TCD).

4. Conclusions

In conclusion, lanthanum-doped molybdenum disulfide (La-MoS2) was synthesized
via a hydrothermal route. To characterize La-MoS2, powder X-ray diffraction (PXRD),
scanning electron microscopy (SEM), and energy-dispersive X-ray (EDX) techniques were
used. The band gap of La-MoS2 was calculated as 1.68 eV, which is less than the band gap
of synthesized MoS2 (i.e., 1.80 eV). In the photoluminescence (PL) spectra, a decrease in
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intensity was observed for La-MoS2 compared to MoS2, indicating increased charge sepa-
ration for La-MoS2. The as-synthesized MoS2 and La-MoS2 were used for photocatalytic
hydrogen evolution reactions (HERs), and La-MoS2 exhibited an improved H2 production
rate compared to the MoS2. The increased photocatalytic performance may be because
of the generation of another discrete energy level due to doping with La3+. Mechanistic
aspects of the HER on the surface of La-MoS2 have also been discussed.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal14120893/s1, Figure S1: EDX spectra of MoS2 and La-MoS2 sub-
microspheres; Figure S2. PL spectra of MoS2 and La-MoS2 sub-microspheres; Figure S3: Schematic
illustration of H2 evolution reaction.

Author Contributions: Conceptualization: A.C. and R.A.K.; methodology: K.A. and A.C.; validation:
R.A.K., S.S.A. and A.A.; formal analysis: A.C.; investigation: K.A.; resources, R.A.K.; writing—
original draft preparation: K.A. and A.C.; writing—review and editing: T.H.O. All authors have read
and agreed to the published version of the manuscript.

Funding: Researchers Supporting Project number (RSP2024R400), King Saud University, Riyadh,
Saudi Arabia.

Data Availability Statement: The authors elect not to share the data.

Acknowledgments: Authors gratefully acknowledged Researchers Supporting Project number
(RSP2024R400), King Saud University, Riyadh, Saudi Arabia.

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

References
1. Rahman, A.; Jennings, J.R.; Tan, A.L.; Khan, M.M. Molybdenum Disulfide-Based Nanomaterials for Visible-Light-Induced

Photocatalysis. ACS Omega 2022, 7, 22089–22110. [CrossRef] [PubMed]
2. Christoforidis, K.C.; Fornasiero, P. Photocatalytic Hydrogen Production: A Rift into the Future Energy Supply. Chem. Cat. Chem.

2017, 9, 1523–1544. [CrossRef]
3. Lewis, N.S.; Nocera, D.G. Powering the planet: Chemical challenges in solar energy utilization. Proc. Natl. Acad. Sci. USA 2006,

103, 15729–15735. [CrossRef] [PubMed]
4. Furukawa, H.; Yaghi, O.M. Storage of hydrogen, methane, and carbon dioxide in highly porous covalent organic frameworks for

clean energy applications. J. Am. Chem. Soc. 2009, 131, 8875–8883. [CrossRef]
5. Ganguly, P.; Harb, M.; Cao, Z.; Cavallo, L.; Breen, A.; Dervin, S.; Dionysiou, D.D. 2D Nanomaterials for Photocatalytic Hydrogen

Production. ACS Energy Lett. 2019, 4, 1687–1709. [CrossRef]
6. Gupta, U.; Rao, C. Hydrogen generation by water splitting using MoS2 and other transition metal dichalcogenides. Nano Energy

2017, 41, 49–65. [CrossRef]
7. Teets, T.S.; Nocera, D.G. Photocatalytic hydrogen production. Chem. Commun. 2011, 47, 9268–9274. [CrossRef]
8. Kumaravel, V.; Mathew, S.; Bartlett, J.; Pillai, S.C. Photocatalytic hydrogen production using metal doped TiO2: A review of recent

advances. Appl. Catal. B 2019, 244, 1021–1064. [CrossRef]
9. Noyan, O.F.; Hasan, M.M.; Pala, N. A Global Review of the Hydrogen Energy Eco-System. Energies 2023, 16, 1484. [CrossRef]
10. Li, Y.; Somorjai, G.A. Nanoscale advances in catalysis and energy applications. Nano Lett. 2010, 10, 2289–2295. [CrossRef]
11. Omer, A.M. Energy, environment and sustainable development. Renew. Sustain. Energy Rev. 2008, 12, 2265–2300. [CrossRef]
12. Fujishima, A.; Honda, K. Electrochemical photolysis of water at a semiconductor electrode. Nature 1972, 238, 37–38. [CrossRef]

[PubMed]
13. Grätzel, M. Photoelectrochemical cells. Nature 2001, 414, 338. [CrossRef] [PubMed]
14. Wang, X.; Maeda, K.; Thomas, A.; Takanabe, K.; Xin, G.; Carlsson, J.M.; Domen, K.; Antonietti, M. A metal-free polymeric

photocatalyst for hydrogen production from water under visible light. Nat. Mater. 2009, 8, 76–80. [CrossRef]
15. Zhou, X.; Liu, N.; Schmidt, J.; Kahnt, A.; Osvet, A.; Romeis, S.; Zolnhofer, E.M.; Marthala, V.R.R.; Guldi, D.M.; Peukert, W.

Noble-Metal-Free Photocatalytic Hydrogen Evolution Activity: The Impact of Ball Milling Anatase Nanopowders with TiH2. Adv.
Mater. 2017, 29, 1604747. [CrossRef]

16. Zhu, Y.; Ling, Q.; Liu, Y.; Wang, H.; Zhu, Y. Photocatalytic H2 evolution on MoS2–TiO2 catalysts synthesized via mechanochemistry.
Phys. Chem. Chem. Phys. 2015, 17, 933–940. [CrossRef]

17. Kumar, S.; Kumar, A.; Rao, V.N.; Kumar, A.; Shankar, M.V.; Krishnan, V. Defect-Rich MoS2 Ultrathin Nanosheets-Coated
Nitrogen-Doped ZnO Nanorod Heterostructures: An Insight into in-Situ-Generated ZnS for Enhanced Photocatalytic Hydrogen
Evolution. ACS Appl. Energy Mater. 2019, 2, 5622–5634. [CrossRef]

18. Hu, Y.; Yu, X.; Liu, Q.; Wang, L.; Tang, H. Highly Metallic Co-Doped MoS2 Nanosheets as an Efficient Cocatalyst to Boost
Photoredox Dual Reaction for H2 Production and Benzyl Alcohol Oxidation. Carbon 2022, 188, 70–80. [CrossRef]

102



Catalysts 2024, 14, 893

19. Yusuf, M.; Song, S.; Park, S.; Park, K.H. Multifunctional Core-Shell Pd@Cu on MoS2 as a Visible Light-Harvesting Photocatalyst
for Synthesis of Disulfide by S S Coupling. Appl. Catal. A 2021, 613, 118025. [CrossRef]

20. Hu, J.; Zhang, C.; Li, X.; Du, X. An Electrochemical Sensor Based on Chalcogenide Molybdenum Disulfide-Gold-Silver Nanocom-
posite for Detection of Hydrogen Peroxide Released by Cancer Cells. Sensors 2020, 20, 6817. [CrossRef]

21. Lai, H.; Ma, G.; Shang, W.; Chen, D.; Yun, Y.; Peng, X.; Xu, F. Multifunctional Magnetic Sphere-MoS2@Au Hybrid for Surface-
Enhanced Raman Scattering Detection and Visible Light Photo-Fenton Degradation of Aromatic Dyes. Chemosphere 2019, 223,
465–473. [CrossRef] [PubMed]

22. Gottam, S.R.; Tsai, C.-T.; Wang, L.-W.; Lin, C.-C.; Chu, S.-Y. Highly Sensitive Hydrogen Gas Sensor Based on a MoS2-Pt
Nanoparticle Composite. Appl. Surf. Sci. 2020, 506, 144981. [CrossRef]

23. Chi, M.; Zhu, Y.; Jing, L.; Wang, C.; Lu, X. Fabrication of Ternary MoS2-Polypyrrole-Pd Nanotubes as Peroxidase Mimics with a
Synergistic Effect and Their Sensitive Colorimetric Detection of L-Cysteine. Anal. Chim. Acta 2018, 1035, 146–153. [CrossRef]
[PubMed]

24. Lin, T.; Zhong, L.; Guo, L.; Fu, F.; Chen, G. Seeing Diabetes: Visual Detection of Glucose Based on the Intrinsic Peroxidase-like
Activity of MoS2 Nanosheets. Nanoscale 2014, 6, 11856–11862. [CrossRef] [PubMed]

25. Liu, Y.; Xie, Y.; Liu, L.; Jiao, J. Sulfur vacancy induced high performance for photocatalytic H2 production over 1T@2H phase
MoS2 nanolayers. Catal. Sci. Technol. 2017, 7, 5635–5643. [CrossRef]

26. Okuno, Y.; Lancry, O.; Tempez, A.; Cairone, C.; Bosi, M.; Fabbri, F.; Chaigneau, M. Probing the nanoscale light emission properties
of a CVD-grown MoS2 monolayer by tip-enhanced photoluminescence. Nanoscale 2018, 10, 14055–14059. [CrossRef]

27. Deokar, G.; Rajput, N.S.; Vancsó, P.; Ravaux, F.; Jouiad, M.; Vignaud, D.; Cecchet, F.; Colomer, J.F. Large area growth of vertically
aligned luminescent MoS2 nanosheets. Nanoscale 2017, 9, 277–287. [CrossRef]

28. Pradhan, G.; Sharma, A.K. Anomalous Raman and photoluminescence blue shift in mono- and a few layered pulsed laser
deposited MoS2 thin films. Mater. Res. Bull. 2018, 102, 406–411. [CrossRef]

29. Marin, R.; Back, M.; Mazzucco, N.; Enrichi, F.; Frattini, R.; Benedetti, A.; Riello, P. Unexpected optical activity of cerium in
Y2O3:Ce3+, Yb3+, Er3+ up and down-conversion system. Dalton Trans. 2013, 42, 16837. [CrossRef]

30. Revathy, J.S.; Priya, N.S.C.; Sandhya, K.; Rajendran, D.N. Structural and optical studies of cerium doped gadolinium oxide
phosphor. Bull. Mater. Sci. 2021, 44, 13. [CrossRef]

31. Kumar, M.J.K.; Kalathi, J.T. Low-temperature sonochemical synthesis of high dielectric Lanthanum doped Cerium oxide
nanopowder. J. Alloy. Compd. 2018, 748, 348–354. [CrossRef]

32. Afanasiev, P.; Bezverkhy, I. Synthesis of MoSx (5 > x > 6) Amorphous Sulfides and Their Use for Preparation of MoS2 Monodis-
persed. Chem. Mater. 2002, 14, 2826–2830. [CrossRef]

33. Chen, X.; Wang, X.; Wang, Z.; Yu, W.; Qian, Y. Direct sulfidization synthesis of high-quality binary sulfides (WS2, MoS2, and V5S8)
from the respective oxides. Mater. Chem. Phys. 2004, 87, 327–331. [CrossRef]

34. Riaz, K.N.; Yousaf, N.; Tahir, M.B.; Israr, Z.; Iqbal, T. Facile hydrothermal synthesis of 3D flower-like La-MoS2 nanostructure for
photocatalytic hydrogen energy production. Int. J. Energy Res. 2019, 43, 491–499. [CrossRef]

35. Radisavljevic, B.; Radenovic, A.; Brivio, J. Single-layer MoS2 transistors. Nat. Nanotechnol. 2011, 6, 147–150. [CrossRef]
36. Schneider, J.; Matsuoka, M. Takeuchi Understanding TiO2 photocatalysis: Mechanisms and materials. Chem. Rev. 2014, 114,

9919–9986. [CrossRef]
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Abstract: Aqueous phase reforming (APR) is a promising method for producing hydrogen from
biomass-derived feedstocks. In this study, carbon-supported Pt catalysts containing particles of
different sizes (below 3 nm) were deposited on different commercially available carbons (i.e., Vulcan
XC72 and Ketjenblack EC-600JD) using the metal vapor synthesis approach, and their catalytic
efficiency and stability were evaluated in the aqueous phase reforming of ethylene glycol, the
simplest polyol containing both C–C and C–O bonds. High-surface-area carbon supports were found
to stabilize Pt nanoparticles with a mean diameter of 1.5 nm, preventing metal sintering. In contrast,
Pt single atoms and clusters (below 0.5 nm) were not stable under the reaction conditions, contributing
minimally to catalytic activity and promoting particle growth. The most effective catalyst PtA/CK,
containing a mean Pt NP size of 1.5 nm and highly dispersed on Ketjenblack carbon, demonstrated
high hydrogen site time yield (8.92 min−1 at 220 ◦C) and high stability under both high-temperature
treatment conditions and over several recycling runs. The catalyst was also successfully applied
to the APR of polyethylene terephthalate (PET), showing potential for hydrogen production from
plastic waste.

Keywords: aqueous phase reforming; ethylene glycol; Pt catalyst; hydrogen production; nanoparticles; PET

1. Introduction

In the search for sustainable energy solutions, renewable hydrogen (H2) production
has emerged as an important element in transitioning toward a low-carbon energy system.
Traditionally, H2 has been primarily produced from fossil fuels, such as natural gas, naphtha,
or coal [1]. With the increasing environmental concerns related to non-renewable resource
consumption, the focus has shifted toward exploring biomass as a H2 production source,
thanks to its CO2 neutrality. Aqueous phase reforming (APR) has garnered significant
attention as an effective method for converting biomass-derived feedstocks into hydrogen [2].
APR stands out due to its ability to process a wide range of organic sources, including mixed
polyol streams, glycerol from biodiesel production, and waste streams from food industries
and biorefineries [3]. These feedstocks can be valorized through APR to produce valuable
hydrogen streams, thus addressing both waste management and energy production challenges.
Furthermore, APR can be utilized as a solution to emerging waste problems; for example,
increasing plastic waste is projected to reach 12 billion tons by 2050, demanding solutions for
sustainability [4]. The valorization of plastic waste has attracted considerable interest as a
sustainable alternative to traditional disposal methods. In addition to the widely explored
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technologies, such as catalytic pyrolysis or steam reforming [5], APR remains relatively
under-explored for hydrogen production from plastic waste.

The APR process is typically carried out at moderate temperatures, ranging from
220 to 265 ◦C, and pressures between 15 and 50 bar [6]. These conditions facilitate the
conversion of alcohols and sugars into dihydrogen and carbon dioxide, thanks to the
thermodynamically favorable water–gas shift reaction. The process’s ability to operate
at lower temperatures and higher pressures compared to conventional steam reforming
eliminates the need to vaporize the feed stream, offering significant energy-saving advan-
tages [7]. However, achieving high hydrogen selectivity in APR is challenging due to side
reactions, such as methanation and dehydration/hydrogenation, which consume hydrogen
to produce alkanes, alcohols, and organic acids [6,8].

Typically, APR is performed over heterogenous catalysts. Extensive research has
identified supported metal catalysts, particularly those based on Pt, as highly effective for
APR due to their high activity and selectivity toward hydrogen production [9,10]. The
nature of the catalyst, including the active sites, support materials, and their interactions,
significantly influences the product distribution and overall efficiency of the process.

The particle size of the NPs plays a critical role in the catalytic performance of the
catalyst, as it affects the number of exposed active sites and also their electronic configura-
tion [11]. Previous studies have reported the effect of Pt particle sizes in the aqueous phase
reforming process [8]. However, different conclusions were drawn from the literature. The
earliest result reported by Lehnert and Claus indicated that larger particles improved H2
selectivity thanks to the abundance of terrace Pt sites [12]. The opposite conclusion was
drawn by Wawrzet et al. when they studied glycerol APR with a Pt/Al2O3 catalyst [13].
They found that large particles slightly improved the conversion but reduced H2 selectivity.
Later, additional reports on the particle size effect on APR supported the result of Wawrzet
et al. [14–17]. Generally, it is believed that smaller Pt particles (of approximately 1.5 nm)
improve H2 productivity. It must be noted that the particle sizes in the mentioned studies
ranged from 1.1 nm upwards, while, to the best of our knowledge, no study has pointed
out the role of sub-nano-Pt clusters in this reaction. Single-atom and cluster sites behave
particularly differently from nanoparticles (NPs), prompting us to investigate this matter
for the optimization of Pt catalysts [18,19].

In addition to the active metal, the support also plays an important role, particularly in
catalyst activity and stability [20,21]. Compared to the commonly studied Al2O3 and SiO2,
which often suffer from low durability under APR conditions, carbonaceous supports have
shown to be effective and stable for APR [22,23]. Moreover, the textural, morphological,
and chemical properties of carbonaceous materials can be tuned widely to accommodate
the objective. The interaction of the carbon support and the active metal can significantly
influence catalyst performance. Therefore, the investigation of the effect of support on
catalyst activity and stability is desirable to develop efficient catalysts for APR.

Metal vapor synthesis (MVS) is an advanced method that enables the formation of
ultra-small NPs that can be immobilized on different supports without significant changes
in particle size distribution [24]. This approach is particularly advantageous to decouple
the effect of the particle size and role of support, in addition to its ability to generate an
effective highly dispersed supported catalyst. In this work, we report for the first time the
use of the MVS approach to make efficient Pt catalysts for APR of ethylene glycol (EG) as a
model substrate. This substrate was chosen as it is the smallest polyol containing both C-O
and C-C bonds. The simplicity of EG allows for easier assessment of the catalyst’s activity,
while still incorporating the key chemical structure found in the target substrates used in
APR, such as polyols and carbohydrates. The effects of support and particle sizes (in a
range less than 2 nm) were also investigated. Furthermore, the best-performing catalysts
were used in the application of APR using polyethylene terephthalate (PET) as a substrate
to make H2, exhibiting the feasibility of the catalyst in providing an alternative for waste
plastic valorization.
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2. Results and Discussion
2.1. Synthesis and Characterization of Carbon-Supported Pt Catalysts

Pt-based catalysts were synthesized by the MVS method, as depicted in Scheme 1 [25].
This approach guarantees the formation of heterogeneous catalysts containing small Pt
NPs (<5 nm), with narrow size distribution, in their reduced form without residues (such
as halides derived from metal salt precursors, or stabilizing agents). Moreover, the metal
NPs’ size can be controlled by exploiting the coordinative properties of the solvent used. In
particular, we recently reported that carbon-supported Pt catalysts with a very high metal
dispersion and sub-nano-Pt clusters, regardless of the support employed, were obtained by
the co-condensation of Pt atoms and mesitylene solvent vapor [26]. Unlike mesitylene, the
less-coordinating property of acetone was exploited to prepare Pt-NPs of slightly larger
sizes [27]. As supports, we selected two commercially available carbonaceous supports,
largely used for (electro)catalytic applications: Vulcan XC72 (CV) and Ketjenblack EC-600JD
(CK) (see Table S1 for their textural and structural properties). The simple addition of
MVS-derived acetone or mesitylene-solvated Pt nanoclusters (PtA and PtM, respectively)
to the desired support (i.e., CV or CK) gave the corresponding heterogeneous supported
catalysts PtA/CV, PtACK, and PtM/CK as in Scheme 1. Additionally, each catalyst was
subjected to heat treatment at 500 ◦C under an inert atmosphere for 2 h, to evaluate the
stability and possible restructuring of the Pt NPs under these conditions. As a result, six
different Pt-based catalysts were obtained, all samples containing a Pt loading of 2.0 wt.%,
as confirmed by ICP-OES.
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Scheme 1. Schematic synthesis of Pt-based catalysts supported on carbon by MVS method.

An HRTEM analysis of both the freshly prepared catalysts derived from Pt–acetone
nanoclusters (i.e., PtA/CK and PtA/CV) showed the presence of Pt-NPs having a mean
diameter of 1.5 nm (standard deviation, SD = 0.3 nm), highly dispersed onto the carbon sup-
ports (Figure 1). On the other hand, the PtM/CK sample obtained from Pt–mesitylene nan-
oclusters (Figure S1, Supplementary Information) exhibited, as expected, Pt NPs < 1.5 nm
in size, suggesting the presence of sub-nano-atoms/clusters that were not detected by a
conventional TEM analysis.

In order to gain further information about the structure of the catalysts, high-angle
annular dark field (HAADF) imaging with an aberration-corrected scanning transmission
electron microscope (STEM) was conducted. To obtain deeper information about the
structure of the catalysts in the sub-nanometer range, HAADF imaging with aberration-
corrected STEM was carried out on both Pt–acetone- and Pt–mesitylene-derived catalysts
dispersed on CK carbon. The analysis revealed a strong difference between the two samples
that showed a completely diverse arrangement of the Pt atoms in the sub-nanometer range
(Figure 2). Indeed, the PtM/CK catalyst showed a relatively high proportion of single
atoms (6.2 at.%) and clusters below 1 nm (mean diameter of 0.4 nm, single atoms excluded
from calculation) (Figure 2, right side). On the other hand, in the analogous samples
prepared from Pt–acetone, no Pt single atoms or small clusters (<0.2 at.%) were observed,
but only well-formed NPs centered at 1.5 nm (Figure 2, left side), confirming the above
discussed particle size distribution obtained by conventional TEM. An analysis of the
Fourier transforms of atomic resolution HAADF-STEM images was conducted to identify
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crystallographic directions of the nanoparticle facets in samples PtM/CK and PtA/CK.
Where NPs formed in the PtM/CK sample, the majority lacked distinct facets, and instead
appeared to be amorphous, with structures ranging from circular and ovoid to chain-like
branches of atoms. In PtA/CK samples, the majority of the NPs that formed appeared to
be circular, amorphous, and therefore non-faceted. However, in the 1.0–1.5 nm diameter
range, a minority of FCC NPs with {111} facets were observed.
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The TEM analysis of the heat-treated samples (500 ◦C, 2 h) demonstrated the cru-
cial role of both the starting NP sizes and the support on the stability of the catalyst
against the sintering of the Pt active phase. Interestingly, the best result in terms of sta-
bility was observed with the PtA/CK system, where the Pt NPs retained the initial sizes
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after thermal treatment (dm = 1.5 nm; SD = 0.3) (Figure 3, left side). The Pt–acetone-
derived sample supported on Vulcan carbon showed a slight increase in the NP sizes
(dm = 1.6 nm; SD = 0.6 nm) (Figure 3, right side), demonstrating the high thermal stability
of the acetone-derived NPs towards the metal sintering, regardless of the carbon support
(i.e., CK or CV) used. On the other hand, the mesitylene-derived samples revealed a lower
thermal stability. Indeed, for the PtM/CK-HT, a significant increase over the mean NP size
(3.6 nm; SD = 7.6) was observed (Figure S2, Supplementary Information). PtM/CK-HT NPs
typically fell into one of two size categories, a 1–3 nm diameter or greater than a 10 nm
diameter, resulting in a high standard deviation of particle size. While some of the smaller
NPs in the 1–3 nm diameter range remained amorphous, the majority crystallized into FCC
structures, alongside the larger NPs. These crystalline FCC NPs displayed both {110} and
{111} facets, with the {111} facets observed approximately three times more frequently than
the {110} facets.
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The mean particle diameters observed for the different carbon-supported Pt catalysts
are summarized in Table 1, together with the corresponding Pt dispersions determined by
estimating the total surface atoms and bulk atoms in each observed NP [28]. As a result, the
freshly prepared Pt–acetone-derived catalysts (i.e., PtA/CK and PtA/CV) give, as expected,
very similar metal dispersions of 63% and 62%, respectively (entries 1 and 2, Table 1),
whereas the Pt–mesitylene-derived catalyst (entry 3) exhibited a higher dispersion (73%).
The results acquired on the heat-treated catalysts revealed a high stability of the NPs in
the Pt–acetone-derived samples, which contrasts with the PtM/CK, where due to the NP
aggregation, an inhomogeneous size distribution was registered; hence, the estimation of
the Pt dispersion based on TEM measurements was not reliable.

Table 1. Characterization of MVS-derived carbon-supported Pt catalysts.

Entry Catalyst (a) Mean Pt NP
Diameter/Standard Deviation

Dispersion
(Calculated)

1 PtA/CK 1.5/0.31 nm 63%
2 PtA/CV 1.5/0.34 nm 62%
3 PtM/CK 0.35/0.35 nm (b) 73% (c)

4 PtA/CK-HT 1.5/0.29 nm 63%
5 PtA/CV-HT 1.6/0.54 nm 50%
6 PtM/CK-HT 3.3/7.38 nm n.d. (d)

(a) The Pt loading was fixed to 2.0 wt.% for all the catalysts; (b) single-site atoms included; (c) single-site atoms not
included; (d) not determined.
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The reported results above reveal that the solvent used for NP synthesis by the MVS
method plays a crucial role not only in the final Pt NPs’ size, but also in the thermal stability
of the particles against the sintering process. In the MVS procedure, when the Pt–solvent
solid matrix is warmed, metal cluster/particle nucleation takes place and the interaction
between the metal atoms and the solvent drives the formation of the final NPs [29]. As
discussed above, the interaction of acetone with Pt atoms led to the formation of NPs with
a size distribution centered on a diameter of 1.5 nm, with a high stability against sintering
at a high temperature. This mean diameter was previously reported to correspond to
the formation of metastable Pt NPs containing 147 Pt atoms in both cuboctahedral and
icosahedral geometries by DFT [30]. On the other hand, the single atoms and the very small
clusters observed in the PtM/CK had the tendency to form larger NPs after heat treatment,
suggesting a lower stability to elevated temperature (see Table 1) [31,32].

To further characterize the surface properties of Pt nanoparticles (NPs) in the MVS-
derived Pt catalysts, CO-stripping experiments, known for their high sensitivity and reliability
for the determination of the surface area of Pt NP surfaces, were conducted [33–35]. The
oxidation potential, at which the reaction between surface-adsorbed CO and OH− groups
occurs via a Langmuir–Hinshelwood mechanism, is significantly influenced by the size,
morphology, and degree of agglomeration of the NPs. The CV profiles of each catalyst
resemble the typical features of platinum (Figure S3, Supplementary Information), with
hydrogen adsorption/desorption peaks in the 0–0.1 V vs. RHE range, surface Pt-OH formation
around 0.6 V vs. RHE, and the platinum surface oxidation wave at potentials higher than 1 V,
followed by the Pt-O reduction in the reverse scan around 0.6 V. The samples using CK as
support show higher differential background capacitance due to the higher surface area of the
support itself. CO-stripping experiments (Figure 4) show onset, peak potential, and measured
electrochemical accessible surface area (EASA) that are very close for acetone–Pt samples,
suggesting that the nature of platinum in each sample is similar. An increase in EASA when
heating PtA/CK at 500 ◦C for 2 h was observed, suggesting that the heat treatment is effective
to remove acetone from the micropores of the carbon support, leading to an increase in the
exposed metal surface. On the contrary, a shift to a lower onset and high EASA reported on
PtM/CK aligned well with the presence of the smallest Pt NPs, Pt clusters, and atoms recorded
by the TEM analysis. Additionally, heat treatment of PtM/CK negatively impacted EASA, a
reduction of about 60% (Figure 4B). PtM/CK-HT also exhibited a broad and poorly defined
J/E curve, consistent with the presence of NPs having a wide size distribution, confirming
that a noticeable sintering phenomenon occurred during the heat treatment, as observed with
the TEM analysis.
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2.2. Catalytic Performance of MVS-Derived Supported Pt Catalysts
2.2.1. Aqueous Phase Reforming of Ethylene Glycol

Ethylene glycol (EG) was selected as a model compound to evaluate the catalytic
performance of the carbon-supported Pt catalysts in the APR process. EG is an attractive
platform molecule, not only due to its potential as a secondary raw material sourced from
biomass, sugars, and alcohols [9], but also because it is the simplest polyol containing
both C-C and C-O bonds. Thus, EG reforming can serve as a model process for the direct
production of hydrogen from biomass-derived sugars, such as glucose, and sugar alcohols
like sorbitol.

The mechanism of hydrogen production from EG was previously extensively investi-
gated by Dumesic et al. [36] and is summarized in Scheme 2. The formation of H2 and CO2
takes place by means of C-C and C-O bond cleavage and a further water gas shift reaction
(WGS). Meanwhile, side reactions leading to liquid products mainly include (a) dehydra-
tion followed by hydrogenation to form ethanol and methanol by further hydrogenolysis;
(b) dehydrogenation producing acetic acid. Finally, methane and high-carbon alkanes can
be formed via Fischer–Tropsch and methanation reactions in the gas phase.
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Scheme 2. Reaction pathway of APR of ethylene glycol.

The catalytic results obtained with the Pt-based catalysts are reported in Figure 5 and in Table 2.
The turnover frequency (TOF) of the catalyst was calculated as the moles of ethylene glycol (EG)
converted per minute per exposed Pt atom, using the measured dispersion. Likewise, the hydrogen
site time yield (H2 STY) was determined as the amount of hydrogen produced per minute per
exposed Pt atom. The reactions were performed in mild conditions (T = 220 ◦C for 4 h) compared
to conventional APR conditions in order to properly compare and point out the catalytic properties
of the different Pt catalysts.

Generally, a negligible amount of CO, CH4, and other higher alkanes were found in
the gas phase of all catalytic runs. This is expected as Pt-based catalysts are not strong
methanation catalysts, while a low temperature favors the WGS, minimizing the formation
of CO. Very high selectivity (ranging from 81% to 90%) towards gaseous products (i.e.,
H2 and CO2) was observed for all the catalysts, along with a small amount of liquid
products, primarily ethanol and methanol (Figure 5B). No formation of acetic acid was
observed. It has been reported that acetic acid could be formed via a bifunctional route:
dehydrogenation by the metal phase and rearrangement by an acidic support [36]. In
our case, since the supports used (i.e., CV and CK) are slightly basic [37], it is likely
that the rearrangement step was suppressed, resulting in a negligible amount of acetic
acid formed. This is particularly beneficial as carboxylic acid products are commonly
undesirable, offering low-value chemicals compared to the feed.
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Figure 5. (A) EG conversion and hydrogen productivity of supported Pt catalysts. (B) Liquid
yield and CO2 selectivity of supported Pt catalysts. Reaction conditions: 220 ◦C, 4 h, 50 mg Pt/C
(2.0 Pt wt.%, 5.1 µmol Pt), 20 mL H2O, EG 5 wt.%.

Table 2. Numerical data of APR of EG by supported MVS-derived Pt catalysts (a).

Entry Catalyst EG Conv.
(%)

H2 Sel.
(%)

TOF
(min−1)

H2 STY
(min−1)

Freshly prepared catalyst
1 PtA/CK 10.2% 83% 2.14 min−1 8.92 min−1

2 PtA/CV 13.9% 77% 2.67 min−1 10.32 min−1

3 PtM/CK 9.5% 81% 1.70 min−1 6.91 min−1

Heat-treated catalysts (500 ◦C, 2 h, N2)
4 PtA/CK—HT 10.5% 89% 2.06 min−1 9.25 min−1

5 PtA/CV—HT 9.0% 79% 2.07 min−1 8.31 min−1

6 PtM/CK—HT 7.8% 73% n.d. (b) n.d.
(a) Reaction conditions: T = 220 ◦C, t = 4 h, 50 mg Pt/C (2.0 Pt wt.%, 5.1 µmol Pt), 20 mL H2O, EG 5 wt.%;
(b) not determined.

The comparison among the freshly prepared Pt catalysts (left side of Figure 5 and entries
1–3 of Table 2) points out the crucial role of the initial size of the Pt active phase, which was
controlled by the solvent used for the catalyst’s synthesis (i.e., acetone or mesitylene), and the
kind of carbon support (i.e., Vulcan or Ketjenblack) on the activity and stability of the catalyst.
The stabilizing effect of the carbonaceous support was clearly observed in the results, particularly
when acetone was used as the coordinating solvent. While freshly prepared PtA/CV showed
higher activity compared to PtA/CK, it experienced significant deactivation after heat treatment,
with about a 30% drop in both ethylene glycol conversion and hydrogen productivity. The
TEM analysis revealed that heat treatment caused a larger NP size distribution in PtA/CV (i.e.,
lower Pt dispersion, see Table 1), likely explaining its lower performance. In contrast, PtA/CK

demonstrated exceptional stability up to 500 ◦C with virtually no change in EG conversion
(from 10.2% to 10.5%), H2 productivity (from 5.62 min−1 to 5.83 min−1), or liquid product
distribution. This finding is supported by the unchanged morphology and size of PtA/CK

found by TEM characterization. When examining the dispersion of Pt NPs, the calculated
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TOF and H2 site time yield (STY) highlighted the effect of particle size. PtA/CK and PtA/CK-
HT shared similar particle size distributions and showed comparable values (8.92 min−1 and
9.25 min−1, respectively). The heat-treated PtA/CV-HT, despite showing only a slight increase
in particle size and distribution, suffered a significant drop in both TOF and H2 STY (a reduction
of nearly one-fifth in both values) compared to the pristine PtA/CV. This considerable decrease
in performance cannot be attributed solely to the loss of the Pt surface due to sintering. Instead,
it aligns with previous studies that suggest that quantum effects become significant when NP
sizes fall below 1.6 nm [13,15–17]. For example, Yamaguchi and Tai reported a 36% decrease
in TOF when Pt particle size increased from 1.5 nm to 1.6 nm. The effect of particle size upon
heat treatment was further corroborated by the case of PtA/CK. Thus, the results showed that
CK provides greater stability for supported Pt NPs, particularly those containing NPs of 1.5 nm
in size. The enhanced stability of the CK-supported system could be attributed to a higher
specific area and pore volume, which facilitates higher dispersion of Pt NPs [38,39]. Interestingly,
hydrogen selectivity for both PtA/CK and PtA/CV slightly improved after heat treatment (from
83% to 89%, and from 77% to 79%, respectively). This could be due to increased particle
crystallinity, as well-ordered Pt facets may facilitate C–C bond cleavage. Indeed, heat-treated
samples showed higher crystallinity than that observed in the freshly prepared samples (vide
supra). This improvement in crystallinity, and consequently in hydrogen selectivity, could also
result from exposure to reaction conditions, as discussed in the recycling tests reported below.

Surprisingly, when mesitylene was used as the coordinating solvent, despite the
abundance of sub-nanometer Pt sites (i.e., single atoms or clusters), much lower TOF and
H2 STY values were observed (entry 3, Table 2) with respect to the analogous system derived
from acetone containing NPs. Moreover, it must be considered that for the calculation of the
TOF of the PtM/CK, the contribution of the single Pt atoms was excluded (see dispersion
value reported in Table 1). These results suggest that the presence of sub-nanometer Pt
atoms and clusters does not boost the catalytic efficiency of this process. This observation
can be tentatively explained by the reaction mechanism of APR. Cleavage of C–C and C–O
bonds occurs through the adsorption of reactants and intermediates on Pt surfaces. Density
Functional Theory (DFT) calculations and microkinetic studies suggest that the most stable
binding modes of these intermediates are bidentate or tridentate configurations, which
require adjacent Pt atoms or Pt planes to facilitate dissociation reactions [9,40–42].

In contrast to PtA catalysts, upon heating to 500 ◦C, the mesitylene–Pt-based catalyst
(i.e., PtM/CK-HT) showed a significant drop in catalytic activity (a reduction of about 25%
in both conversion and H2 productivity) (Figure 5). This strong decrease in performance of
the system likely reflects the severe sintering that occurred, as observed by the TEM analysis.
Indeed, the high mobility of Pt single atoms and clusters onto the carbon support led to
particle size growth in the heat-treated catalysts (see Table 1), which negatively impacted
the catalyst’s performance. Overall, acetone-derived Pt NPs dispersed on CK support
proved to be the most effective catalyst for the APR of EG, in terms of both activity and
stability under heat treatment. Additionally, a comparison between commercial Pt/Al2O3
(Sigma-Aldrich, St. Louis, MO, USA) containing Pt NPs with a mean diameter of 4.7 nm
(Figure S5), serving as a benchmark catalyst, showed a remarkable improvement in PtA/CK

in EG conversion and H2 productivity (10.2% vs. 5.5% and 5.62 min−1 vs. 3.04 min−1),
demonstrating the superior efficiency of our MVS-derived catalyst (Figure S4).

2.2.2. Recycling Tests

Since PtA/CK was the best-performing catalyst among those screened, we proceeded
to investigate the stability of this catalyst with recycling tests. In the recycling test, a higher
amount of catalyst was used to minimize the effect of material loss during recovery. The
reaction was performed at 240 ◦C for 2 h under 7 bar N2. After collecting the gas and liquid
samples, we filtered and dried the catalyst, followed by running three more catalytic reactions
under the same experimental conditions. The results are shown in Figure 6. It can be clearly
seen that the catalyst possesses good stability with a slight decrease in EG conversion only
after the first run (from 30.9% to 22.2%), then stabilizing in the consecutive runs. On the
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contrary, the H2 productivity did not experience any significant change (from 4.96 min−1 Pt
to 4.82 min−1). In the liquid phase, after the first run, where ethanol and methanol selectivity
were high, the following runs showed consistent liquid composition. It is likely that the
catalyst underwent restructuring in the first run to be stabilized by the reaction environment.
In fact, the observed decrease in the yield of the liquid products along with an increased
H2 selectivity was similar to the heat treatment case. Afterwards, the catalyst performed
consistently, indicating that it reached a stable configuration. The TEM analysis of the catalyst
after four runs (Figure S6) shows only a slight increase in the mean NP size (dm = 1.7 nm).
Moreover, the ICP-OES analysis of the used catalyst showed negligible leaching of Pt into the
solution, confirming the stability of our catalyst. In conclusion, our PtA/CK is a promising
catalyst for APR thanks to its high stability and activity.
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Figure 6. Recycling test of PtA/CK in APR of EG. Reaction conditions: 240 ◦C, 2 h, 200 mg of catalyst
(2.0 Pt wt.%, 20.5 µmol Pt), 20 mL H2O, EG 5 wt.%.

2.2.3. Aqueous Phase Reforming of PET

In this study, we utilized the highest-performing MVS catalyst (PtA/CK) to explore
hydrogen generation through the APR of polyethylene terephthalate (PET), a primary
plastic accounting for 8% by weight of solid waste worldwide [43]. Our data are shown in
Table 3. A blank test shows that depolymerization reaches completion with 100% recovery
of EG in 2 h at 240 ◦C under 7 bar N2. From the results, H2 productivity of PtA/CK was
found to be 1.14 min−1 (entry 1, Table 3). Increasing the reaction time and the amount
of the catalyst resulted in lower productivity (entry 2, Table 3). This is likely due to a
negative effect of the formation of products that slowed down the reaction rate. Indeed, the
formation of gaseous products, resulting in an increase in pressure in the batch condition,
was reported to have a negative effect on the APR reaction [8].

Table 3. Aqueous Phase Reforming of PET under neutral condition (a).

Entry Catalyst PET (g)
/Metal (mol) Time EG Conv.

(%)
H2 Prod.
(min−1) Ref.

1 PtA/CK 136,500 2 h 12.8% 1.14 This work
2 PtA/CK 68,250 4 h 38.5% 0.87 This work

3 (b) PtA/CK 68,250 2 h 0% 0 This work
4 (c) Pt/Al2O3 com 68,250 4 h 10.3% 0.13 This work

5 Ru/MEC 10,100 - - 0.67 [44]
6 Ru/ZnO/MEC 10,100 - - 1.26 [45]
7 Pt/ENS 4333 - - 0.9 [5]

(a) Reaction conditions: 240 ◦C, Pt catalyst, 50 mL H2O, 700 mg of crushed PET; (b) NaOH 4 wt.%; (c) commercial
Pt/Al2O3 1 wt.%, purchased from Sigma-Aldrich (Milwaukee, WI, USA).
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The productivity of the PtA/CK for APR of PET was lower than that obtained in
the APR process of EG, carried out in analogous reaction conditions (i.e., 4.96 min−1, see
Figure 5, Run 1). In addition to the fact that the depolymerization reaction happened
quantitatively, it is likely that the presence of produced terephthalic acid (TPA) has a
negative effect on APR of EG. We observed a similar phenomenon with the commercial
Pt/Al2O3 catalyst, which exhibited much lower productivity in the APR of PET than in the
case of pure EG (entry 4, Table 3 and Figure S4, Supplementary Information). This behavior
is distinctively different from the Ru-based catalyst reported by Su et al., where TPA did
not influence the activity of the catalyst [45]. Furthermore, the authors reported that basic
conditions are beneficial for the process. On the other hand, in our case, the use of basic
conditions showed a detrimental effect on the efficiency of the Pt-based catalyst (entry 3,
Table 3). Increasing the pH of the solution resulted in negatively charged terephthalates,
which might strongly coordinate to Pt atoms of the electron-deficient Pt surface, preventing
the absorption of EG and thus deactivating the catalyst [46]. In fact, several studies have
reported the inhibition effect of aromatic carboxylic acid on noble metal particle growth
and stabilization [47,48].

Literature examples concerning the usage of heterogeneous catalysts for APR of PET
plastic are still limited. In Table 3, we compared our catalyst’s productivity with all reported
studies on this subject to date. As all of the studies were performed at different conditions
and reactor configurations, a direct comparison of the catalysts is challenging. Nevertheless,
we chose H2 productivity as a representative indicator as it could somewhat reflect the
intrinsic catalytic activity of the materials. As shown, PtA/CK was among the highest
H2 productivities among examined catalysts under neutral conditions. Our catalyst can
perform efficiently without the assistance of a base (i.e., corrosiveness of the base is avoided),
in contrast to Ru-based catalysts [44]. A further optimization of operating parameters for
the best-performing Pt catalyst will be investigated in a forthcoming study.

3. Materials and Methods
3.1. Catalyst Synthesis

The Pt nanoparticles were generated by metal vapor synthesis (MVS), which was
reported previously [26]. To prepare the supported Pt catalysts, platinum vapor was
generated at 10−5 mbar by resistive heating of a tungsten wire coated with approximately
100 mg of electrodeposited platinum. This metal vapor was co-condensed with 100 mL of
solvent (either acetone or mesitylene) vapor at −196 ◦C (liquid nitrogen) in the MVS reactor.
The reactor was then warmed to the melting point of the solid matrix (−95 ◦C for Pt–acetone
matrix and −40 ◦C for Pt–mesitylene), resulting in a dark brown solution (95 mL). This
solvated Pt solution was siphoned at −40 ◦C into a Schlenk tube and stored at −20 ◦C. The
ICP-OES analysis showed that the Pt solution contained approximately 0.5 mg/mL Pt. To
obtain the supported catalysts, the solutions were added to the suspension of carbonaceous
supports (Vulcan XC-72 and/or Ketjenblack EC600J) in the matching solvent. The mixtures
were stirred at 25 ◦C for 20 h to ensure complete deposition. The solids were collected after
washing three times with 50 mL of n-pentane each. Finally, the catalysts were dried under
reduced pressure at room temperature.

For heat treatment of catalysts, a set amount of a catalyst (150 mg) was loaded into a
ceramic boat and heated under N2 flow (100 mL/min) in a tubular furnace to a designated
temperature. The heating rate was 10 ◦C/min and the dwell time was 2 h at 500 ◦C. The
heat-treated catalysts were labeled with “HT” (for heat-treated) as a suffix.

3.2. Catalyst Characterization

TEM imaging was performed using a Talos™ F200X G2 TEM (Thermo Scientific,
Waltham, MA, USA). Samples for the analysis were prepared by their suspension in
isopropyl alcohol and were ultrasonically dispersed followed by the deposition of a drop
of the suspension on a holey carbon-coated copper grid (300 mesh). The histograms of
the metal particle size distribution were obtained by counting at least 300 particles in
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the micrographs. The mean particle diameter (dm) was calculated by using the formula
dm = ∑dini/∑ni, where ni is the number of particles with diameter di. Metal dispersion
was calculated based on the work of Borodziński et al. [28].

High-angle annular dark field (HAADF) STEM images were acquired on a JEOL
ARM200F microscope and a JEOL ARM300F (JEOL, Tokyo, Japan) at the electron Physical
Science Imaging Centre (ePSIC) at Diamond Light Source. The JEOL ARM200F was
operated at an acceleration voltage of 200 kV, with a convergence semi-angle of 23 mrad and
an inner collection angle of 79 mrad. The JEOL ARM300F was operated at an acceleration
voltage of 300 kV, a convergence semi-angle of 26.2 mrad, a beam current of 25 pA, and
an approximate inner collection angle of 92.6 mrad. Further HAADF-STEM images were
acquired on a Thermo Fisher Spectra 200 (Thermo Fischer, Waltham, MA, USA) at Cardiff
University, which was operated at an accelerating voltage of 200 kV, a beam current of
60 pA, and a convergence semi-angle of 29.5 mrad. The HAADF images were collected with
an inner collection angle of 56 mrad, and an outer collection angle of 200 mrad. A 5–15 min
beam shower was completed prior to imaging on all microscopes to reduce contamination.
Samples for electron microscopy were prepared by their suspension in isopropyl alcohol
and ultrasonic dispersion, followed by a deposition of a drop of the suspension onto a
300-mesh holey carbon-coated grid of either molybdenum, copper, or gold. The particle
size distribution analysis was completed via the ParticleSpy Python package (reference
to https://zenodo.org/records/5094360, accessed on 30 July 2023). Automated particle
detection and measurement were performed using Otsu filtering, with the manual counting
verification of single atoms to ensure accuracy.

ICP-OES analyses were carried out with an ICP-Optical emission dual-view Perkin
Elmer OPTIMA 8000 apparatus (Perkin Elmer, Waltham, MA, USA). For analyzing the
MVS solution, 0.5 mL of a Pt-SMA solution was heated over a heating plate in a porcelain
crucible to remove the solvent, followed by dissolving the solid residue in 2 mL of aqua
regia in 6 h. The solution was then diluted with 50 mL of HCl 0.5 M. For catalyst loading
measurements, approximately 10 mg of a catalyst was dissolved in 4 mL of aqua regia and
fluxed for 6 h. The solution was then diluted with 50 mL of HCl 0.5 M. The quantification of
Pt was performed with calibration with Pt solutions of known concentrations. The limit of
detection (l.o.d) calculated for platinum was 2 ppb. In all cases, the results of MVS solution
and catalyst loading were highly consistent. A quantitative deposition of NPs onto the
support was obtained, leading to a final 2.0 wt.% Pt loading for all the catalysts.

The CO-stripping analysis was performed as follows: each catalyst sample powder
was dispersed (10 mg) in a mixture of 100 µL ultrapure water and 1 g 2-propanol by
using an ultrasonic bath for 60 min. The homogeneous ink was then cast onto a glassy
carbon disk (Pine™ Electrodes, A = 0.1963 cm2) in two steps: 5 µL of ink was added in
2.5 µL steps using a 2–20 µL micro-pipette and dried after each step; the ink quantity was
determined by weight before drying. After complete drying, 1.6 µL of 0.5% Nafion in a
2-propanol solution was cast on top of the catalyst layer. Three replicates were prepared
for each sample. After that, the electrode was used for cyclic voltammetry experiments
in a 3-electrode cell, using a platinum gauze as a counter-electrode and Ag|AgCl|KClsat

as a reference electrode. The electrolyte (0.5 M H2SO4, pH 0.3) was purged with nitrogen
for 30 min prior to the experiments. The electrode was first scanned for 8 cycles between
−0.2 V and 1.2 V vs. Ag|AgCl|KClsat; after that, the solution was saturated with pure
CO by bubbling for 30 min. Then, a potential of 0 V vs. Ag|AgCl|KClsat was applied for
30 min. Then, still applying the potential, the solution was purged with N2 for 30 min and
then the potential was scanned between 0 V and 1.2 V vs. Ag|AgCl|KClsat for three scans.
The first scan showed an oxidation peak around 0.7 V vs. Ag|AgCl|KClsat, corresponding
to the oxidation of chemisorbed CO. The area was determined by integrating the charge of
the peak and dividing by the CO charge for cm2 (0.420 mC/cm2, for linearly bond CO) and
then dividing by the metal loading.
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3.3. Catalytic Tests

Aqueous phase reforming of ethylene glycol was carried out in a 100 mL stainless steel
autoclave equipped with a mechanical stirrer and a temperature controller. The catalyst
(equivalent to 5.1 µmol Pt) and 20 mL of a 5 wt.% aqueous EG solution were loaded into
the vessel. The reactor was thoroughly purged with nitrogen and pressurized to an initial
pressure of 10 bar, which served as an internal standard for the final quantification of
the products present in the gas phase. The mixture was subsequently stirred at 1000 rpm
and heated to 220 ◦C. Heating time was approximately 10 min. After 4 h at 220 ◦C,
the reactor was quenched to room temperature in an ice water bath. Gaseous products
were collected in a multilayer foil gas sampling bag (Supelco, Bellefonte, PA, USA). After
depressurization, the liquid products were collected and filtered. The spent catalyst was
recovered by filtration, washed with a copious amount of DI water, and dried overnight at
100 ◦C. Similar procedures were performed at 240 ◦C, 7 bar of N2, and for 2 h.

Gas and liquid phase products were analyzed by gas chromatography (Shimadzu
2010Pro; Shimadzu, Kyoto, Japan) equipped with a thermal conductivity detector (TCD)
and a flame ionization detector (FID). H2, CO, CO2, N2, and CH4 were detected by TCD
using a Carboxen 1010 (Supelco, Bellefonte, PA, USA). Nitrogen was used as an internal
standard for the quantification of permanent gasses and methane. Volatile liquid phase
products (methanol, ethanol, acetic acid, unreacted ethylene glycol) were also analyzed
by gas chromatography equipped with a CP-Wax 52 CB GC column (Agilent, Santa Clara,
CA, USA) and a flame ionization detector (FID). The quantification of the products was
performed with a calibration curve using 1-propanol as an internal standard.

Recycling tests were performed as follows: 200 mg of a catalyst was loaded into the
reactor and the reaction was performed at 240 ◦C for 2 h. After the catalyst was filtered,
and washed with a copious amount of DI water, it was dried in an oven at 105 ◦C overnight.
Then, the resulting solid was loaded back into an autoclave to perform the next cycle. Gas
and liquid products were analyzed as previously mentioned. The procedure was repeated
4 times. Loss of the catalyst during handling was taken into account in the next cycle.

Aqueous phase reforming of PET was performed in a 100 mL stainless steel autoclave
equipped with a mechanical stirrer and a temperature controller. Typically, 100 mg of
a catalyst was charged with 700 mg of crushed PET and 20 mL of water in the reactor.
The reactor was purged with N2 several times and charged with 7 bar of N2, followed by
heating up to 240 ◦C within 15 min. After 4 h, the reactor was cooled with an ice bath.
Gas was collected with a gas bag and the solid was separated by filtration. The gas phase
and liquid phase products were analyzed by GC-FID. The solid phase was washed with
concentrated NaOH to dissolve terephthalic acid (TPA), followed by neutralization to
recover TPA crystals.

4. Conclusions

To summarize, Pt NPs of different size distributions (mean diameter below 2 nm) were
deposited on commercially available carbons (i.e., Vulcan XC72, CV, and/or Ketjenblack
EC-600JD, CK) following different synthesis protocols by the metal vapor synthesis method.
Their catalytic efficiency was evaluated and compared for the aqueous phase reforming of
ethylene glycol. The most active and stable catalyst, PtA/CK, displayed a mean Pt NP size
of 1.5 nm, was obtained from Pt–acetone, and was highly dispersed on the carbon support
with the highest surface area (i.e., CK). The system exhibits very high H2 site time yield
(8.92 min−1 at 220 ◦C) compared to a commercially available alumina-supported Pt catalyst.
High stability towards metal sintering was proven for both high-temperature treatment
(i.e., 500 ◦C) and several batch recycling runs under the reaction conditions (240 ◦C) with
negligible H2 yield loss and/or metal leaching. In contrast, an analogous system supported
on the same carbon but containing a major fraction of sub-nanometer Pt single atoms and
clusters showed an inferior catalytic efficiency together with a low stability towards the
formation of large particles (>3 nm). Our study suggests an optimal Pt particle size of
around 1.5 nm for this process as a good compromise between Pt dispersion and stability.
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The MVS-derived catalyst was also effectively applied to the APR process of polyethylene
terephthalate (PET), showing potential for H2 production from recycled plastics. This work
highlights the fundamental role of the use of advanced synthesis approaches that are able
to strictly control metal nanoparticle size and the kind of support materials in optimizing
APR processes for sustainable hydrogen production.
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HAADF-ac-STEM images of PtM/CK-HT; Figure S3: Blank voltammetry (8th scan) of the various
Pt/C samples; Figure S4. EG conversion and hydrogen productivity of PtA/CK and commercial
Pt/Al2O3; Figure S5. Representative TEM images and Pt particle size distribution of commercial
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Abstract: Hydrogen and carbon monoxide over-equilibria have been found computationally in
kinetic dependencies of methane-reforming catalytic reactions (steam and dry reforming) using the
conditions of the conservatively perturbed equilibrium (CPE) phenomenon, i.e., at the initial equilib-
rium concentration of hydrogen or carbon monoxide. The influence of the pressure, temperature,
flow rate and composition of the initial mixture on the position of the CPE point (the extremum point)
was investigated over a wide domain of parameters. The CPE phenomenon significantly increases the
product concentration (H2 and CO) at the reactor length, which is significantly less than the reactor
length required to reach equilibrium. The CPE point is interpreted as the “turning point” in kinetic
behaviour. Recommendations on temperature and pressure regimes are different from the traditional
ones related to Le Chatelier’s law. The obtained results provide valuable information on optimal
reaction conditions for complex reversible chemical transformations, offering potential applications
in chemical engineering processes.

Keywords: modelling; optimization; methane reforming; chemical equilibrium; conservatively
perturbed equilibrium; extremum; CPE point

1. Introduction

Increasing the intensity of a complex catalytic reaction is a fundamental challenge in
chemical technology, particularly when it comes to achieving the kinetic characteristics
above equilibrium (such as rate, concentration and selectivity) under transient non-steady-
state conditions. Chemical equilibrium represents the final state of a complex chemical
reaction for both closed systems and open systems of infinite length.

The equilibrium composition is characterized by its uniqueness and stability. In a
closed chemical system, this implies that for a fixed quantity of chemical elements at a given
temperature, the system will always reach the same chemical composition from any initial
state, ensuring that the equilibrium composition is both unique and stable. Zel’dovich [1,2]
qualitatively demonstrated these properties in 1938. Since the 1960s, numerous researchers,
including Shapiro, Shapley [3], Aris [4,5], Horn, Jackson [6], Volpert, Khudyaev [7,8] and
Gorban’ [9], have examined this problem more rigorously. Their detailed findings are
documented in various monographs, e.g., [10].

Calculating the equilibrium composition has become essential for addressing the
numerous issues in chemical and biochemical engineering. These calculations are typically
based on a procedure that employs a list of components with known chemical potentials
minimizing the Gibbs free energy. The system temperature and total amount of any
particular chemical element are assumed to remain constant throughout the process.
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2. Analysis of Previous Studies

Conservatively perturbed equilibrium (CPE). Definition and properties.

In [11–15], a new phenomenon in chemical kinetics, conservatively perturbed equi-
librium (CPE), was described and analyzed. To achieve this phenomenon, some initial
concentrations of components are replaced by their corresponding equilibrium concentra-
tions while keeping the total amount of each chemical element constant. The temperature
of the system should be held constant too.

The computational phenomenon CPE is carried out as follows:

1. The values of the equilibrium concentrations of all components are determined.
2. Some components are selected so that their initial concentrations differ from the

equilibrium concentrations.
3. At least one component is selected such that its initial concentration is equal to the

equilibrium value.
4. Perturbations introduced before (see item 2) must comply with all conservation laws

applicable to this reaction system.
5. The evolution of all concentrations is observed as they tend toward equilibrium.

The CPE phenomenon is illustrated based on consecutive reactions [16]:

A
k+1 ,k−1↔ B

k+2 ,k−2↔ C, (1)

In accordance with the mass–action law, the steady-state kinetic model for the plug
flow reactor (PFR) is expressed as follows:

dCA
dτ

= −k+1 CA + k−1 CB,

dCB
dτ

= k+1 CA − k−1 CB − k+2 CB + k−2 CC, (2)

dCC
dτ

= k+2 CB − k−2 CC,

where CA, CB, and CC are the concentrations of substances A, B, and C, respectively; τ is the
residence time. k+1 , k−1 , k+2 , and k−2 – are the rate coefficients of the corresponding forward
and reverse reactions.

Obviously, CA + CB + CC = CA,0 + CB,0 + CC,0 = 1, where CA,0, CB,0, and CC,0 are
the initial concentrations of substances A, B, and C, respectively. The following kinetic
parameters and equilibrium concentrations are used:

k+1 = 10, k−1 = 2, k+2 = 6, k−2 = 2

CA, eq. = 0.714, CB, eq. = 0.238, CC,eq. = 0.048,
(3)

where CA,eq., CB,eq., and CC,eq. are the equilibrium concentrations of substances A, B, and
C, respectively.

The concentration dependencies for reactions (1) (Figure 1) performed in the PFR with
the CPE phenomenon represent the properties of the CPE phenomenon.
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Figure 1. Dimensionless concentration dependencies for reactions (1).

The concentration of component B passes through the unavoidable extremum reaches
its equilibrium value. The initial concentrations (compositions) are given in Table 1.

Table 1. Selected initial concentrations (compositions).

Composition 1 Composition 2 Composition 3

CA 0.818 0.727 0.545
CB 0.136 0.136 0.136
CC 0.045 0.136 0.318

Three concentration dependencies for different initial compositions of the mixture are
shown (Figure 2). In this linear case, two important features are demonstrated: (1) the CPE
point does not change its position when the initial composition of the mixture changes;
(2) the greater the deviation of the concentration of disturbed substances within balance
limitations, the higher the magnitude of the CPE extremum. For the general linear case,
the rigorous theoretical proof of these two findings is still lacking. However, for typical
examples of simple linear mechanisms, these properties are demonstrated computationally.
This extremum’s value offers insights into the reaction mechanism and kinetic parameters,
helping optimize conditions for complex reversible chemical processes. The CPE method
was recently tested in a batch reactor during an esterification reaction involving ethanol,
benzyl alcohol, and acetic acid, yielding two esters and water [17,18].

The goal of this paper is a continuation of our previous work [19] in which the CPE
phenomenon was just demonstrated computationally for the reforming of methane (RM)
reactions using a limited number of parameters. In this paper, we are going to study
this phenomenon systematically, presenting the effect of different process parameters
over a wide range, i.e., pressure, initial mixture composition, and flow rate, as well as
the kinetic dependencies, especially on CPE point characteristics. Also, the temperature
domain will be modified. In this paper, the physicochemical meaning of the CPE point
will be interpreted.

The obtained CPE characteristics will be compared with cases without CPE and
recommendations which correspond to the known Le Chatelier’s law.
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Steam- and dry-reforming overall reactions are considered in the reforming of methane
(RM) (see Table 2).

Table 2. Selected reactions for methane reforming.

Reaction ∆H0 (kJ/mol) Link

CH4 + CO2 ↔ 2CO + 2H2
CH4 + H2O↔ CO + 3H2

+247
+206 (4)

3. Results

Figure 3 shows the effect of the CPE phenomenon on the concentration profiles of H2
and CO in comparison with the no-CPE case.
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The system is characterized by the transition from the initial equilibrium value to
the final one via an extremum, which is unavoidable and well distinguished. Computer
calculations show that the system with no CPE either has no extrema or has a very slightly
pronounced one. Under given pressure and temperature conditions, the concentration of
products can be increased using the CPE phenomenon by 39% and 49% for H2 and CO,
respectively. Additionally, utilizing the CPE phenomenon allows for a reduction in reactor
length due to the faster occurrence of the extremum (CPE point) compared to the case
without the CPE phenomenon. Later, the kinetic dependencies with the CPE phenomenon
and without it will be compared in more detail.

For the CPE hydrogen case, by definition, the initial hydrogen concentration equals
its equilibrium concentration. Five concentration dependencies are obtained (H2 and
H2O, CO and CO2, and CH4 as well). The H2 and CO dependencies are characterized by
extrema, hydrogen by the maximum and water by the minimum, respectively. The CO
and CO2 dependencies are monotone: the CO and CO2 concentrations are increased and
decreased, respectively. As for the methane concentration, it reaches its equilibrium value
at the CPE point. Similarly, dependencies which correspond to the CPE CO case can be
interpreted. Figures 4 and 5 demonstrate the effect of pressure and temperature on the
kinetic dependencies, especially on the position of the CPE point regarding the products,
H2 and CO, respectively.
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As can be seen from Figures 4 and 5, pressure, temperature, and flow rate all affect the
position of the CPE point. An increase in temperature or pressure has a positive effect on
the value of the CPE point, causing the magnitude of this point to increase. Additionally,
higher temperatures or pressures result in a shorter reactor length required to reach the CPE
point. With the increase in the flow rate, the magnitude of the CPE point does not change.
However, the length of the reactor at which the extremum occurs is increased in such a
way that the residence time of the CPE point remains almost constant. These findings
are consistent with previous results obtained for simple linear mechanisms [11,12]. When
temperature and pressure are increased simultaneously, the CPE point is reached faster
than when these parameters are changed separately (for example, increasing temperature
while maintaining constant pressure).

The kinetic behaviour of CPE extrema varies significantly depending on the initial
concentrations of H2 and CO. For hydrogen, the position of the CPE point changes insignif-
icantly. The special theoretical analysis, which is in the stage of preparation, shows that for
linear models, the position of the CPE point does not depend on initial concentrations. For
our model, which is non-linear, the position of the CPE point, generally, is not the same for
different initial concentrations. The obtained difference is a result of computer calculations
using our non-linear model.
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CPE phenomenon vs. no-CPE cases. CPE phenomenon and Le Chatelier’s law

For a more detailed understanding, computer simulations without CPE were system-
atically performed.

Specifically, we analyzed the effect of pressure and temperature changes for dry-
reforming and steam-reforming reactions for two cases:

(a) These reactions are performed simultaneously (see Figures 6 and 7);
(b) Reactions of steam and dry reforming are performed separately. See Figures 8 and 9

for hydrogen concentrations. Similar results can be obtained for CO concentrations.
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Both steam- and dry-reforming reactions are endothermic and both result in an increase
in the number of molecules, i.e., four molecules of the products compared to two molecules
of the reactants. In accordance with Le Chatelier’s law, the optimal equilibrium regimes are
the following ones: the temperature is increased and the pressure is decreased.

Our computer calculations demonstrate similar behaviour for both cases regardless
of whether methane reforming has occurred for two processes together of for a separate
process. All kinetic dependencies exhibit a plateau, which reflects the near-equilibrium
regime. This plateau increases as the temperature rises and decreases as the pressure rises.
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Beyond the equilibrium regime, both temperature and pressure affect the concentration
of the products, H2 and CO, in proportion to the kinetic term of Equation (5), k1PCH4
or k2PCH4 .
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The CPE phenomenon, where both temperature and pressure increase the concentra-
tion of H2 and CO, is different from the recommendations of Le Chatelier’s law and similar
to kinetic behaviour beyond the domain of Le Chatelier’s law. However, as mentioned,
the concentrations of products for the CPE regimes are significantly higher than those for
no-CPE cases.

4. Methods

The mathematical modelling of reforming reactions was based on kinetic equations of
dry and steam reforming on a nickel catalyst, which were taken from the literature [20].

Dry re f orming : r1 = k1PCH4

(
1− P2

CO P2
H2

PCH4
PCO2 Kdr

)
,
(
s−1)

Steam re f orming : r2 = k2PCH4

(
1− PCO P3

H2
PCH4

PH2O Ksr

)
,
(
s−1)

(5)
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Generally, these equations are non-linear. However, in both cases, the kinetic terms
k1PCH4 and k2PCH4 are linear. In accordance with the CPE requirements, in any experiment,
the total amount of any element (C, H, and O) must be conserved.

CCH4 + CCO2 + CCO = CCH4,in + CCO2,in + CCO,in = Nc,

4CCH4 + 2CH2O + 2CH2 = 4CCH4,in + 2CH2O,in + 2CH2,in = NH ,

2CCO2 + CH2O + CCO = 2CCO2,in + CH2O,in + CCO,in = NO,

(6)

where N is the total number of atoms of a specific element (C, H, or O) in all the respec-
tive compounds.

Industrial steam and dry reformers usually operate under pressures between 15–20 bar
and 1–10 bar and temperatures between 700–1100 ◦C and 800–1100 ◦C, respectively. For
safety reasons, operation at pressures above 25 bar should be avoided, as this is considered
a critical threshold for many industrial reactors.

For industrial use, an operating temperature of 800–850 ◦C is generally recommended.
Operating above 850 ◦C can lead to catalyst deactivation due to sintering and increases the
risk of reactor tube failure. The simulations covered a temperature range from 873.15 K
(600 ◦C) to 1023.15 K (750 ◦C). The parameters of the system are listed in Table 3.

Table 3. Parameters of the system.

Object Parameters

Input Temperature: 873.15–1023.15 K with 50 K intervals.
Pressure: 5–20 bar
Mass flow: 50–200 kg/h

Reactor Reaction set: dry and steam reforming
Calculation mode: isothermic
Property package: Peng–Robinson
Reactive volume: 0.5; 3 m3

Tube diameter: 200 mm

In this case, we consider that the concentrations of the catalytic intermediates are negligi-
ble in comparison with the concentrations of the reactants CCH4 , CCO2 , CH2O, CCO, and CH2 .

Table 4 has three columns: one column for equilibrium concentrations and two columns
for the initial concentrations for the CPE hydrogen and carbon monoxide cases, respectively.

Table 4. Concentrations (mole fractions) and balances.

Concentrations Balance of
Components Equilibrium Initial

ConcentrationsEquilibrium Initial Concentrations
CPE for H2 CPE for CO

CCO2 0.2101 0.2711 0.1808 C 0.659 0.659
CCO 0.0814 0.0001 0.0814 eq H 2.152 2.152
CH2 0.1171 0.1171 eq 0.0001 O 0.726 0.726

CCH4 0.3674 0.3877 0.3966
CH2O 0.2240 0.1834 0.2825

5. Discussion

CPE point: analysis and interpretation. CPE as the turning point.

To gain a detailed understanding of the physicochemical significance of the CPE
phenomenon, the typical longitudinal profiles of reaction rates are presented. For the CPE
case related to hydrogen (Figure 10a), reaction rates for dry and steam reforming are shown.
Evidently, the steam-reforming reaction undergoes a reversal, crossing the equilibrium
point and changing its direction to become exothermic. The reaction rate reaches zero
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precisely at the CPE point for hydrogen. Therefore, this CPE point is, at the same time, the
turning point for the steam-reforming reaction.
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Similarly, for the CPE case related to CO (Figure 10b), the dry-reforming reaction
also reverses, crossing the equilibrium point and becoming exothermic. The rate of dry
reforming reaches zero at the CPE point for CO, which occurs at the same time as the
turning point for this reaction.

The corresponding longitudinal profiles of component concentrations are presented in
Figure 11a,b. In the case of the hydrogen CPE point, the hydrogen concentration maximum
coincides with the water concentration minimum. The CO2 concentration decrease is
accompanied by the CO concentration increase. For the carbon monoxide CPE point, the
CO maximum coincides with the CO2 minimum, and the water concentration decrease is
accompanied by the hydrogen concentration increase.
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There is an interesting feature in the kinetic behaviour of our system. Initially, in the
hydrogen CPE case, the concentration of hydrogen is equal to the equilibrium concentration.
Then, under the conditions that the concentration of CO is zero or small, the hydrogen
concentration can only increase, not decrease. This is achieved via forward reactions of dry
and steam reforming because reverse reactions are absent or negligible. As H2 accumulates
and reaches its extremum at the CPE point, the reverse steam-reforming reaction starts to
play a more significant role, consuming 3 moles of H2 and 1 mole of CO and decreasing the
H2 concentration. This is one reason for the over-equilibrium, which is also a momentary
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equilibrium in the steam-reforming reaction. So, at the CPE point, this reaction reverses,
and the CPE point becomes the turning point. This is a physicochemical explanation for
our over-equilibrium effect.

A similar explanation can be used for the carbon monoxide CPE case, which is ob-
served when the initial concentration of CO is high and H2 is negligible or absent. Then, the
concentration of CO increases due to forward reactions. As CO accumulates and reaches
its extremum at the CPE point, the reverse dry-reforming reaction starts to play a more sig-
nificant role, consuming 2 moles of H2 and 2 moles of CO and decreasing the concentration
of CO. The different behaviour in CPE for hydrogen and carbon monoxide arises because
of the difference in the stoichiometry of the products (CO and H2).

Starting from the CPE point, an almost steady-state concentration of methane is
observed (Figure 11a,b).

The reason for this is the following: one of the two reactions, steam or dry reforming,
goes in the reverse direction and balances the other reaction, dry or steam reforming, re-
spectively. Formally, starting from the CPE point, the following condition is approximately
fulfilled: rdry = rsteam = r.

Then, in this domain, which is related to the CPE hydrogen case (Figure 11a), the rates
of the other substances are as follows:

rH2 = 2rdry − 3rsteam = −r; rH2O = rsteam = r; rCO2 = −rdry = −r; rCO = 2rdry − rsteam = r

It is easy to understand that, in this scenario, the combined overall equation is realized,
H2 + CO2 = CO + H2O, i.e., the reverse water–gas shift reaction (RWGS).

In another domain related to the CPE carbon monoxide case (Figure 11b), the rates are
as follows:

rH2 = 3rsteam − 2rdry = r; rH2O = −rsteam = −r; rCO2 = rdry = r; rCO = rsteam − 2rdry = −r

The combined overall reaction can be presented as H2O + CO = CO2 + H2, i.e., the
water–gas shift reaction (WGS).

Evidently, the water–gas shift reaction, forward or reverse, can be obtained as a linear
combination of dry- and steam-reforming reactions. To summarize, this reaction can be
considered an essential simplification of our chemical process: two reactions of methane
reforming ‘degenerate’ into one water–gas shift reaction, which can be forward or reverse.

6. Conclusions

The kinetic dependencies for the two methane-reforming reactions, dry and steam
reforming, were studied systematically for the conservatively perturbed equilibrium (CPE)
phenomenon, i.e., at the initial equilibrium concentration of hydrogen or carbon monoxide,
over a wide domain of parameters: temperature (873.15–1023.15 K), pressure (5–20 bar),
the initial concentrations of other substances, and flow rate (50–200 kg/h). The obtained
results confirmed that the changes in pressure and temperature significantly influence the
CPE effect, resulting in ‘over-equilibrium’ for hydrogen and carbon monoxide, which is
achieved at the residence time and corresponding reactor length, which are much shorter
than the length of a typical industrial reactor. The recommendations for temperature and
pressure control based on the CPE phenomenon were compared with recommendations
based on Le Chatelier’s law related to equilibrium regimes, revealing a notable difference
between them.

A physicochemical interpretation of the CPE points, both for the hydrogen and carbon
monoxide cases, was given. The over-equilibrium observed under CPE conditions is due to
the absence of reverse reaction rates. Furthermore, beyond CPE, the two reforming reactions
become opposite and balance each other out. Finally, these two reactions ‘degenerate’ into
the water–gas shift reaction, which can be either forward or reverse.

These findings suggest that the CPE phenomenon could be utilized as an efficient
tool for understanding the kinetic dependencies of reforming processes and for optimizing
industrial reactors as well. This could lead to the development of new optimal strategies
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in various industrial applications, particularly in processes where maximizing reaction
efficiency and product yield is crucial.
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Abstract: Compared to steam reforming, methanol aqueous-phase reforming (APR) converts methanol
to hydrogen and carbon dioxide at lower temperatures, but also displays lower conversion rates.
Herein, methanol APR is studied over the active Pt/Al2O3 catalyst under different operating condi-
tions. Studies were conducted at different temperatures, pressures, methanol mass fractions, and
residence times. APR performance was evaluated in terms of methanol conversion, hydrogen pro-
duction rate, hydrogen selectivity, and by-product formation. The results revealed that an increase
in operating pressure and methanol mass fraction had an adverse effect on the APR performance.
Conversely, it was found that hydrogen selectivity was unaffected by the operating pressure and
residence time for the methanol feed mass fraction of 5%. For the methanol feed mass fraction of 55%,
hydrogen selectivity was improved by operating pressure and residence time. The alumina support
phase change to boehmite as well as sintering and leaching of the catalytic particles were observed
during catalyst stability experiments. Additionally, a comparison between methanol steam reforming
(MSR) and APR was also performed.

Keywords: aqueous-phase reforming; methanol; catalyst; hydrogen production; Pt/Al2O3

1. Introduction

Climate change, greenhouse gas emission, and the energy crisis have recently become
major global concerns. The integration of carbon-neutral technologies, renewable energy
resources, and reducing the usage of fossil fuels have become a priority [1,2]. For this
energy transition, hydrogen has received a lot of attention, interest, and commitment from
both the industrial and academic sectors. Hydrogen has been pushed forward for energy
decarbonization, to mitigate the energy crisis pressed by geo-political conflicts, and to reach
the “Paris agreement” [3,4].

The advantages of hydrogen are linked to its usability in a wide range of applications.
For instance, hydrogen can be used directly as a fuel or as a raw material for the production
of synthetic fuels and organic substances [5]. Yet, the main issues related to the use of
hydrogen are related to its safe and efficient transportation and storage [6]. Even though
the gravimetric energy density of hydrogen is excellent, the volumetric density is too
low [5]. Hence, in situ hydrogen production has been suggested as an attractive approach,
especially for systems with a demand for continuous hydrogen supply.

For in situ hydrogen production, there are different technologies, such as reforming and
electrolysis [7,8]. Today, 96% of the world’s hydrogen is still produced from fossil fuels, namely
natural gas and coal [8,9]. To improve the sustainability of hydrogen production, interest
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has been focused on the development of more environmentally friendly technologies. Apart
from electrolysis, one interesting pathway is the use of renewable liquid fuels as feedstock
for hydrogen production [10,11]. Biomass-derived organic waste streams containing alcohols
have been investigated as potential bio-based feedstocks [12,13]. Compared to hydrogen,
oxygenated hydrocarbons have a higher boiling point and, hence, have higher gravimetric
density and are easier to transport and store [14]. In addition to its environmental merits,
converting waste streams to value-added products is economically efficient.

There already exist mature reforming technologies of oxygenated hydrocarbons, such
as the steam reforming of methanol (MSR) or ethanol [12,15]. The challenges with these
technologies are related to the selectivity of the reaction, mainly to avoid the production
of CO, in addition to the high amounts of energy necessary for vaporizing the reactants.
The aqueous-phase reforming (APR) emerged then to address these challenges as a simpler
and more energy-efficient technology [16,17]. The APR allows for converting the feeding
fuel to hydrogen and CO2 in a single-step catalytic process at temperatures lower than the
well-established MSR. In APR, reactants are in the liquid phase and the reaction products
are in the gas phase [18,19].

The APR of oxygenated hydrocarbons is often performed in a temperature range of
200–250 ◦C. To improve the overall efficiency of the APR system, the use of waste heat from
other processes would be beneficial. The APR system should work with pressures above the
bubble point pressure of the feedstock mixture to keep it in the aqueous phase. Bubble point
pressure depends on the composition of the feedstock mixture and the selected operating
temperature. In general, the working pressure should be between 1.5 and 5.0 MPa [14].

Mainly heterogeneous catalysts have been considered for the APR of oxygenated
hydrocarbons [20]. Three phases exist in APR systems: solid (the catalyst), liquid (the
feedstock), and gas (the evolved hydrogen and CO2). This leads to mass transfer limitations,
since the evolving gas bubbles may block the active sites of catalysts and decrease the
hydrogen production rate [21]. To improve the reaction rate, it has been proposed to use
an inert sweeping gas. The sweeping gas drives the evolved gas bubbles of hydrogen and
CO2 out of the catalyst active sites, improving the reaction performance of the APR [13,22].

Methanol has been used as a model compound in APR studies due to the absence of
strong C-C bonds [22]. Methanol is a common by-product of chemical and biochemical
processes and it has been pointed out as a very attractive green energy vector, which makes
it cheap and readily available [23]. The overall APR reaction equation is given below,
Equation (1):

CH3OH (l) + H2O (l) 
 3 H2 (g) + CO2 (g) (1)

The methanol APR is based on two main reactions [24]: methanol dehydrogenation
[Equation (2)] and WGS reaction [Equation (3)]. In the methanol dehydrogenation reaction,
a methoxy intermediate is formed due to the split of the O-H bond of methanol [22].
Next, hydrogen atoms bonded to carbon in the methoxy intermediate are activated, which
causes the decomposition of methoxy into hydrogen and carbon monoxide. Methanol
dehydrogenation is followed by WGS, in which cleavage of O-H bonds of water leads
to the formation of O2− ion and hydrogen. Extremely active O2− ion reacts with carbon
monoxide forming carbon dioxide [22].

CH3OH (l) 
 2 H2 (g) + CO (g) (2)

CO (g) + H2O (l) 
 H2 (g) + CO2 (g) (3)

The APR usually displays a high selectivity; only trace amounts of hydrogenated
by-products are produced [Equations (4)–(6)]:

CO (g) + 3 H2 (g) 
 CH4 (g) + H2O (g) (4)
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CO2 (g) + 4 H2 (g) 
 CH4 (g) + 2 H2O (g) (5)
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2 CO (g) + 5 H2 (g) 
 C2H6 (g) + 2 H2O (g) (6)

With the careful selection of the catalyst and operating conditions, these hydrogenated
by-products can be mostly avoided [24].

The methanol APR research has been mostly focused on finding suitable catalysts
that promote the reforming reactions at temperatures as low as possible and inhibit unde-
sired reactions [14,25]. Amongst noble (Pt, Ru) and non-noble (Ni, Cu) metals, Pt-based
catalysts are the most used for methanol APR. Dumesic’s group [17,18] studied the APR
of different alcohols (e.g., methanol and ethylene glycol) with Pt supported on alumina
(Pt/Al2O3). Specifically for methanol, their study was conducted at temperatures/pressures
of 210 ◦C/2.24 MPa and 225 ◦C/2.96 MPa, on a Pt/Al2O3 catalyst with a Pt mass fraction of
0.59%, and with a feed aqueous solution with methanol mass fractions of 1%, 4%, and 10%.
All the experiments were conducted with a feed flow rate of 0.30 mL/min, in order to keep
the conversion below 3%. Their results showed that the reaction is weakly inhibited by
hydrogen, which could be caused by the surface sites blocked by adsorbed hydrogen atoms
and, in addition, by decreasing the surface concentrations of reactive intermediates formed
from dehydrogenation of the methanol. They also found that the liquid-phase environment
favors the water–gas shift reaction, mitigating the potential blocking of surface sites by
adsorbed CO species. Since then, Pt-based catalysts for methanol APR have been improved,
mostly concerning the catalyst support, where molybdenum carbide (MoC) [26], NiAl2O4
spinel [27], and zeolite [28] supports were reported. Ni-based catalysts have also been
explored for the methanol APR as they favor the WGS reaction [14] and are inexpensive
compared to noble metal-based catalysts. However, Ni-based catalysts suffer from lower
stability (especially since they are more sensitive to oxidation under APR operating con-
ditions) and lower hydrogen selectivity. These catalysts were studied mostly by Stekrova
et al. [24] and Coronado et al. [13,22].

The present work studies the methanol APR reaction kinetics on Pt/Al2O3. The
performance of the catalyst, with a nominal mass fraction of 5%, was investigated for the
temperatures of 190 ◦C, 210 ◦C and 230 ◦C. The effect on the catalyst performance of the
methanol mass fraction in the feed aqueous solution was studied as well, using a low
value of 5% and a high value of 55%. The operating pressures used were above the bubble
point of the corresponding feed stream, a minimum of 3.2 MPa for the low methanol mass
fraction feed and a minimum of 5.2 MPa for the high methanol mass fraction feed. The
performance of Pt/Al2O3 was characterized in terms of methanol conversion, hydrogen
production rate, and hydrogen selectivity for a wide range of weight hourly space velocity
(WHSV) values.

2. Results and Discussion
2.1. Physicochemical Characterization of the Catalyst

The H2-TPR of a 5 wt.% Pt/Al2O3 sample is displayed in Figure 1; it exhibits the
presence of a single sharp peak at ca. 300 ◦C, starting at ca. 250 ◦C and ending at ca. 325 ◦C.
The presence of this single peak indicates that only one type of active metal is present in
the catalyst. This TPR result is in good agreement with the XRD of the catalyst, showing
only Pt and alumina—discussed in the following.

The information regarding the reducibility of Pt/Al2O3 was used to activate the catalyst
in situ before the APR tests. Controlling the reduction temperature is important since the
catalyst reduction (activation process) is an exothermic process that influences the catalyst’s
ability to perform the reforming reaction. Since small catalyst particle sizes are more prone to
sintering, the reduction process was performed using diluted hydrogen at 300 ◦C.

XRD patterns of fresh and spent Pt/Al2O3 samples are shown in Figure 2. The spent
catalyst was subjected to methanol APR for 7.5 h at 230 ◦C and 3.2 MPa using a 5 wt.%
methanol aqueous solution supplied at 0.3 h−1 WHSV. Comparing fresh and spent catalysts,
the XRD diffractogram of the spent sample shows that alumina support underwent phase
change and Pt metal was sintered and leached.
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Figure 1. H2-TPR of a 5 wt.% Pt/Al2O3 catalyst sample.

Figure 2. XRD diffractograms of fresh (blue line) and spent (red line) Pt/Al2O3 samples.

In both fresh and spent catalysts, characteristic Pt metallic peaks were detected at
2θ = 39.8◦, 46.5◦, and 67.8◦ (JCPDS 01-1190) [29]. However, these peaks are broader for
the fresh catalyst compared to the spent catalyst. These could be due to poor crystallinity,
overlapping with some of the alumina peaks [30], or smaller crystallite size. The calculated Pt
crystallite size was estimated to be ca. 5 nm in the fresh catalyst sample, as shown in Table 1.

Table 1. Pt crystallize size and mass fraction for fresh and spent catalysts.

Pt Crystallite Size (nm)
Fresh Catalyst Spent Catalyst

5 (±2) 12 (±1)

Pt mass Fraction (%)
Fresh Catalyst Spent Catalyst

4.5 (±0.5) 3.1 (±1)
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The spent catalyst has a Pt crystallite size of ca. 12 nm, indicating that Pt particles
were sintered under the APR reaction conditions. The calculated amount of Pt in the fresh
catalyst was ca. 4.5 wt.%, which is according to the value reported by the catalyst supplier.
However, the spent catalyst showed approximately 3 wt.% of Pt mass, suggesting that
leaching of Pt occurred during the APR reaction. Moreover, the spent catalysts showed
peaks related to boehmite, while fresh catalyst only showed peaks for θ-alumina. The
presence of this crystalline structure shows that alumina was transformed in boehmite,
which is a thermodynamically more stable phase under high humidity levels, such as under
APR reaction conditions [31].

The N2 adsorption–desorption isotherm for the catalyst Pt/Al2O3 is shown in Figure 3
and the BET surface area, average pore size, and pore volume are listed in Table 2.

According to IUPAC classification, Pt/Al2O3 has a type (IV) isotherm which indicates
the mesoporous structure of the catalyst with the pore size wider than 4 nm. The catalyst also
showed an H3-type hysteresis loop. This is usually observed for the irregular pore system
with agglomerated particles that are slit-shaped pores of irregular sizes or shapes [32].

Figure 3. Nitrogen adsorption–desorption isotherm of Pt/Al2O3.

Table 2. Physicochemical properties of Pt/Al2O3.

Pt/Al2O3
BET Surface Area (m2/g) Pore Volume (cc/g) Pore Diameter

(nm)

205.9 0.87 13.1

2.2. Kinetic Characterization

The methanol–water vapor pressure was obtained for temperatures of 190 ◦C, 210 ◦C,
and 230 ◦C using the Aspen Technology software. The plot of the bubble pressure versus
methanol mole fraction at the three different temperatures is shown in Figure 4. This plot is
fundamental to assure that the kinetic characterization of methanol APR using the Pt/Al2O3
catalyst is properly carried out at all experimental conditions, i.e., with the feed methanol
water mixture in liquid phase. As the methanol concentration increases, the required
pressure to keep the mixture in a liquid state increases as well. In the literature, most
experiments were performed using a 5 wt.% methanol aqueous solution, yet commercial
HT-PEMFC systems that use methanol reformers for in situ hydrogen production typically
run using 55 wt.% methanol aqueous solutions [33,34].

For a 55 wt.% methanol aqueous solution at 230 ◦C, it is required to keep the system
at >5.1 MPa. On the other hand, for a 5 wt.% methanol aqueous solution, >3.1 MPa is
sufficient for the same temperature.
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Figure 4. The bubble point pressures of binary methanol–water mixture for the different mole fractions
of methanol for temperatures of 190 ◦C, 210 ◦C, and 230 ◦C were predicted using Aspen Technology.

2.2.1. Effect of Temperature

The effect of temperature on methanol APR conversion is depicted in Figure 5 for
the temperatures 190 ◦C, 210 ◦C, and 230 ◦C. Thermodynamically and kinetically, either
the desirable reforming or undesirable side reactions are favored by higher temperatures.
On the other hand, a WGS reaction is disfavored at higher temperatures, though it is
also favored kinetically with the temperature. An increase in the experimental methanol
conversion was observed at higher temperatures. At the low temperature (190 ◦C), the
methanol conversion does not go above 15%, even at a very low WHSV. Compared with
the MSR, the performance of methanol APR at low temperatures is usually much lower;
for example, even considering a different catalyst, at a WHSV of 1 h−1 and at 190 ◦C, the
methanol conversion is ca. 75% for MSR in a Cu based catalyst [35], while for APR is
less than 5% in the present work, Figure 5A. WHSV is defined as the weight of methanol
in the feed stream normalized by the weight of the catalyst and time. Therefore, the
methanol conversion should be similar for the same WHSV, independently of the methanol
concentration, making negligible the effect of the methanol feed dilution on conversion.
However, for the same WHSV, a change in the feed mass fraction of the aqueous methanol
solution from 5 wt.% to 55 wt.% leads to an equivalent decrease of the feed flow rate for
the same ratio, which may have some adverse influence in the conversion, for example, in
the rate of adsorbed reaction products from the catalyst surface.

Figure 5. Methanol conversion in aqueous-phase reforming of (A) 5 wt.% and (B) 55 wt.% aqueous
methanol solution over 5 wt.% Pt/Al2O3, N2 co-feeding of 30 mL·min−1 and operating temperatures
of 190 ◦C, 210 ◦C, and 230 ◦C as a function of WHSV. Operating pressure of 3.2 MPa (A) and
6.0 MPa (B). All values were obtained after achieving steady-state reaction conditions.
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H2 Production Rate

The APR has the potential to be integrated with an HT-PEMFC system due to its
higher energy efficiency and simple recycling of unreacted reagents; this allows the APR to
operate at conversions lower than 100% without significantly affecting the system efficiency.
Moreover, HT-PEMFCs have a high tolerance to reforming contaminants (up to 3% [36,37]).

For 55 wt.% methanol feed aqueous solution, the maximum hydrogen production rate was
ca. 500 µmol·min−1·g−1

cat. As depicted in Figure 6, the hydrogen production rate as a function
of the WHSV peaks at WHSV ≈ 13 h−1, especially for 210 ◦C and 230 ◦C, decreases slightly
afterward. At higher methanol concentrations and for the same feed flow rate, the contact time
between reactants and catalyst decreases, which adversely affects hydrogen production [17].

Figure 6. Hydrogen production rate in aqueous-phase reforming of 55 wt.% methanol feed aqueous
solution over 5 wt.% Pt/Al2O3, N2 co-feeding of 30 mL·min−1 and operating temperatures of 190 ◦C,
210 ◦C, and 230 ◦C at various WHSV. Operating pressure 6.0 MPa. All values were obtained after
achieving steady-state reaction conditions.

By-Product Formation

Undesirable side reactions, such as methanation, are thermodynamically favored at
higher temperatures and pressures. During the APR experiments, only by-products CH4
and CO were detected at the GC analyzer. The low concentrations of by-products CH4
and CO, inferior to 0.5%, as illustrated in the GC chromatogram of Figure 7, indicate high
selectivity for the APR reaction.

Figure 7. Gas chromatograph obtained from a 55 wt.% methanol aqueous-phase reforming on a
5 wt.% Pt/Al2O3 catalyst, with a N2 co-feeding of 30 mL·min−1, operating conditions of 230 ◦C,
3.2 MPa, and 21.2 h−1 WHSV.
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Figure 8 shows the CH4 production rate as a function of WHSV for 190 ◦C, 210 ◦C,
230 ◦C, and 55 wt.% methanol aqueous solution. CH4 production can follow two paths,
via cleavage of C-O bonds of methanol followed by hydrogenation (by an acid-catalyzed
pathway), or via methanation, which is the hydrogenation of carbon monoxide/carbon
dioxide (COx) [17]. Both paths are independent of methanol conversion since hydrogen is
required to perform the hydrogenation step; therefore, CH4 formation occurs as a parallel
reaction [17]. It is noticeable that the CH4 formation increases with temperature (Figure 8),
while it shows a more complex pattern with WHSV.

Figure 8. Methane production rate in aqueous-phase reforming fed with a 55 wt.% methanol aqueous
solution, with an N2 co-feeding of 30 mL·min−1, operating at 190 ◦C, 210 ◦C, and 230 ◦C and at 6.0 MPa,
as a function of the WHSV. All values were obtained after achieving steady-state reaction conditions.

2.2.2. Effect of Pressure

It is important to study the influence of the reaction pressure on APR performance
since APR is a multiphase system with a reaction often occurring in a mass transfer-limited
regime. Figure 9 shows the effects of operating pressure on methanol conversion at 230 ◦C.
For a methanol feed mass fraction of 5 wt.%, the methanol conversion decreases from
25% at 3.2 MPa to 13% at 4.0 MPa (Figure 9A) and then it keeps more or less constant for
higher pressures. For a methanol feed mass fraction of 55 wt.%, the methanol conversion is
considerably lower and mostly constant with the reaction pressure, around 2% (Figure 9B).
However, there is an apparent small increase in the conversion in the operating pressure
region in the liquid phase. It should be emphasized, also, that a smaller conversion for a
higher mass fraction of methanol in the feed stream does not necessarily lead to a lower
hydrogen productivity, because of the higher amount of methanol feed to the reactor.

Performing the methanol-reforming reaction below the bubble point pressure (gaseous
methanol reforming) for the methanol feed mass fraction of 55% did not yield conversions
higher than those observed for methanol APR. This apparent discrepancy deserves further
study in the future.

In multiphase systems, pressure affects density, bubble size distribution [38,39], and
catalyst-wetting efficiency [40]. While the wetting efficiency increases with pressure [40],
which is crucial for multiphase systems, increasing the operating pressure increases the
hydrogen partial pressure, which negatively affects the reaction rate [17]. Hydrogen has very
low solubility in water and methanol and diffuses slowly from the catalyst active site where
it is formed to the bulk [18]; moreover, higher pressures reduce the bubble size, reducing
the bubble disengaging rate. In this sense, the catalyst surface active sites are occupied for a
longer time [17,18]. In addition, the hydrogen availability near an active site can promote the
hydrogenation of intermediate species, leading to a loss in selectivity [18,41]. Since nitrogen
(carrier gas) is also not soluble in the liquid reaction phase, it should leave the reactor mixed
with hydrogen and CO2, besides water and methanol vapors.
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Figure 9. Methanol conversion as a function of pressure for (A) 5 wt.% and (B) 55 wt.% methanol
aqueous solution over 5 wt.% Pt/Al2O3 catalyst. Operating temperature of 230 ◦C, WHSV of
(A) 0.7 h−1 and (B) 12.7 h−1. All values were obtained after achieving steady-state reaction conditions.

2.2.3. Selectivity of Methanol APR to Hydrogen

A high-methanol APR selectivity to hydrogen leads to a higher energy conversion
efficiency from methanol to hydrogen and allows for directly feeding the reformate to
an HT-PEMFC system. Apart from the nature of the catalyst (metal and support), the
selectivity to hydrogen depends on the operating conditions [14]. Figure 10 shows the
selectivity to hydrogen as a function of WHSV for different operating pressures.

Figure 10. H2 selectivity in aqueous-phase reforming of (A) 5 wt.% and (B) 55 wt.% methanol aqueous
solution on a 5 wt.% Pt/Al2O3 catalyst, with a N2 co-feeding of 30 mL·min−1 and at 230 ◦C, for
various pressures and as a function of WHSV. All values were obtained after achieving steady-state
reaction conditions.

For the methanol feed aqueous solution with a mass fraction of 5%, Figure 10A, the
maximum change in the selectivity to hydrogen is of around 2%, either as a function of the
operating pressure for a given WHSV, or as a function of the WHSV for a given operating
pressure. For the methanol feed aqueous solution with a mass fraction of 50%, Figure 10B,
the effect of the operating pressure for a given WHSV is also small; on the contrary, the
influence of the WHSV for all three operating pressures is clearly more accentuated. For
low-WHSV values (methanol mass fraction of 5%), the selectivity to hydrogen is mostly
independent of the methanol conversion. Therefore, it may be concluded that hydrogen
production over Pt/Al2O3 is not restricted by the hydrogenation of CO/CO2. The selectivity
to hydrogen is clearly above 75% for all experiments (Figure 10A,B), indicating that the
H2/CO2 ratio for these experiments stayed above a factor of 3.

Apart from the nature of the catalyst (both metal and support) and operating condi-
tions, the dependence of the selectivity to hydrogen with the reactor design has also been
studied. It was reported that, by using a microchannel reactor instead of a fixed-bed reactor,
the selectivity to hydrogen becomes higher by a factor of two, regardless of the feedstock
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conversion [42]. The selectivity to hydrogen in a microchannel reactor should increase
because of a better catalyst wettability, making the mass transfer of hydrogen from the
catalyst site to the gas phase faster [42]. Table 3 below summarizes the APR performance
results (in terms of selectivity to CO2, CO, CH4) at various WHSVs and operating pressures.

Table 3. Selectivity of the CO2, CH4, and CO in methanol APR experiments at various operating
pressures and for different WHSVs.

Product Methanol Concentration WHSV (h−1) Selectivity (%)

3.2 MPa 4.0 MPa 5.2 MPa 5.5 MPa 6.0 MPa

CO2

5 wt.%

0.7 19.7 20.8 19.1
1.1 20.2 21 19.4
1.9 19.4 21.2 20.2
4.2 18.5 20 20.9

55 wt.%

4.2 21.6 21.6 21.5
8.4 21.3 21.0 21

12.7 20.7 20.5 18.7
16.9 19.9 19.6 18
21.2 18.8 17.7 17.2

CH4

5 wt.%

0.7 0.1 0.1 0.2
1.1 n/a 0.08 0.1
1.9 0.2 0.05 0.1
4.2 0.3 0.19 0.1

55 wt.%

4.2 0.3 0.9 0.6
8.4 0.3 0.9 0.4

12.7 0.3 0.7 0.3
16.9 0.4 0.6 0.2
21.2 0.4 0.5 0.2

CO

5 wt.%

0.7 0.05 0.02 0.02
1.1 0.07 0.05
1.9 0.04 0.01 0.05
4.2 0.01 0.03 0.05

55 wt.%

4.2 0.1 0.6 0.05
8.4 0.1 0.2 0.04

12.7 0.1 0.2 0.04
16.9 0.1 0.2 0.1
21.2 0.1 0.1 0.1

Long-Term Stability Test

The long-term stability of methanol APR was performed to study the effects on catalyst
performance and methanol conversion. Figure 11 shows the methanol conversion as a
function of time for a 5 wt.% methanol feed aqueous solution. Steady-state performance
was achieved for >7 h.

The catalytic activity increased at the beginning and then slowly decreased until
reaching a steady state. The decrease in the catalytic activity (methanol conversion) may be
assigned to the phase change of the support alumina into boehmite, metal phase sintering,
and Pt leaching, as discussed before.
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Figure 11. Methanol conversion as a function of time on stream for 5 wt.% methanol aqueous solution
over 5 wt.% Pt/Al2O3 at 230 ◦C and 3.3 MPa and 0.3 h−1 WHSV.

2.3. Methanol Steam Reforming Versus Aqueous-Phase Reforming

Methanol has the potential to make hydrogen dispatchable, which is critical for the
development of the so-called hydrogen economy. MSR is an established pathway to
produce in situ hydrogen, with extensive research performed on catalysts, reactors, and
purification of the produced hydrogen. Most MSR employs Cu-based catalysts due to
their low cost, high hydrogen yield, and low CO production [43–45]. Methanol APR, on
the other hand, is a relatively new technology where the catalyst development is still
underdeveloped. Pt-based catalysts are widely used in APR due to their stability and
moderate performance [25,43]. Figure 12 illustrates the interest in these two reforming
processes measured by the number of publications during the last two decades.

Figure 12. The number of scientific publications on methanol steam reforming and methanol aqueous-
phase reforming (information retrieved from Scopus database).

Methanol APR in Pt/Al2O3 suffers from low stability and displays low yields, which
reduces its potential interest to industrial applications.

However, the possibility of running the reforming reaction in the liquid phase and
then saving the vaporization energy is still driving the research community for developing
better-performing catalysts. To use HT-PEMFCs in mobile applications, which require high
power output, there are certain operating condition requirements for methanol reforming
that should be fulfilled: compact reforming systems, operation close to the stoichiometric
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concentration of methanol–water and at a temperature which allows its thermal integration
with an HT-PEMFC [46–48].

At around 100 ◦C, the methanol steam reforming (MSR) produces just hydrogen and
CO2; the CO concentration is negligible. However, above 150 ◦C, there is the onset produc-
tion of CO whose concentration in the product stream increases with the temperature [35,49].
Yu et al. [49] reported that the CO concentration in the product stream was 511 ppm, when
the MSR reactor was run at 190 ◦C, for a contact time (W/F) of 180 kgcat·(mol·s−1)−1 (al-
most full conversion of the methanol). For 230 ◦C, it was 2184 ppm. Ribeirinha et al. [35]
reported a CO concentration of 600 ppm at the product stream when the MSR reactor
was run at 180 ◦C, on a CuO/ZnO/Ga2O3 catalyst, and for a W/F of 60 kgcat·(mol·s−1)−1

(ca. 80% of methanol conversion).
From the present work, we report CO production between 100 ppm (190 ◦C) and

1990 ppm (230 ◦C) [647.1 kgcat·(mol·s−1)−1–5.5 kgcat·(mol·s−1)−1] using a commercial
Pt/Al2O3. Although the CO concentration is lower for the methanol APR at lower temper-
atures, as the temperature increases, the CO concentration in the product becomes similar
for both types of methanol reforming. However, it should be emphasized that the CO
concentration also depends on the reactor used for the reforming.

2.4. Perspectives

Catalyst development remains a primary focus of research for methanol APR; Pt-based
catalysts are the best-performing catalysts. However, as seen in this work, support plays
an equally important role in the catalyst performance. Therefore, various supports other
than metal oxides should be assessed to improve the activity and stability of the catalyst.
Furthermore, the long-term stability of the catalyst should be studied to better understand
the catalyst deactivation under APR conditions.

In addition to the catalyst development, the mass transfer limitation of the reaction
products from the active sites poses one of the greatest challenges to overcome. Nitrogen
co-feeding has been employed to mitigate this issue. However, the dilution of hydrogen due
to the co-feeding of nitrogen can adversely affect the performance of HT-PEMFCs during
reformer/fuel cell integration. Therefore, novel reactor designs should be proposed and
studied to minimize the mass transport limitation to allow higher hydrogen productivity
at lower temperatures by effectively removing reaction products from the active sites.
Following, the use of a membrane reactor, selective to hydrogen, may be considered as
an alternative to a conventional fixed-bed reactor. Reactors such as coated microchannel
reactors [50] and membrane reactors facilitate the effective removal of hydrogen from the
reaction medium; for example, D´Angelo et al. [51] have reported that using a carbon-
coated ceramic membrane reactor yielded 2.5 times higher hydrogen than a fixed-bed
reactor for APR of sorbitol.

3. Experiment
3.1. Materials

Pt/Al2O3 catalyst (5 wt.% Pt loading) supplied by Sigma-Aldrich (St. Louis, MO,
USA) in powder form was used without further modification.

3.2. Physicochemical Characterization

Hydrogen-temperature-programmed reduction (H2-TPR) and X-ray diffraction (XRD)
were used to determine the physicochemical properties of the Pt/Al2O3 catalyst. Multipoint
Brunauer–Emmett–Teller (BET) provided information regarding the surface area and pore
size of the catalyst. XRD patterns were recorded at room temperature, using a Panalytical
MPD diffractometer equipped (Almelo, The Netherlands) with an X′ Celerator detector and
secondary monochromator in Bragg–Brentano geometry. CuKα1,2 radiation, λ1 = 1.5406 Å,
λ2 = 1.5444 Å, a step size of 0.017◦ and 100 s/step were used. Rietveld refinements were
performed using the software PowderCell 2.4 to calculate Pt crystallite size.
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The mass fraction of Pt in the catalyst was estimated in a Thermo Scientific iCAP 7400
ICP-OES Duo instrument (Boston, MA, USA), coupled with an ASX-520 autosampler.

A ChemBET Pulsar TPR/TPD instrument (Anton Paar, Ashland, VA, USA) equipped
with a TCD was used to perform H2-TPR experiments. Approximately 25 mg of catalyst was
placed in a U-shaped quartz tube reactor and held in place with quartz wool. The sample
was heated from 50 ◦C to 450 ◦C at a heating rate of 5 ◦C·min−1 under constant H2/Ar (1:9)
flow. Multipoint BET surface measurements were performed on a Quantachrome Autosorb
AS-1 instrument (Anton Paar, Ashland, VA, USA) at −196 ◦C. Prior to the analysis, the
samples were outgassed in vacuum at 200 ◦C for 4 h.

3.3. Reaction Kinetic Experimental Setup

A cylindrical stainless-steel FBR (70 mm L× 7 mm ID) was used to conduct the methanol
APR experiments. A 700 mg catalyst sample and an equal amount of glass beads were mixed
and loaded into the midsection of the reactor. Glass wool and wire mesh were inserted at
both ends of the reactor to avoid dragging the catalyst and glass beads with the product’s
and reactant’s flow. The reactor was placed vertically inside a temperature-controlled oven.
Figure 13 shows a schematic representation of the laboratory scale set-up used for this work.

Figure 13. Schematic representation of methanol aqueous-phase reforming experimental set-up.

Before the methanol APR tests, Pt/Al2O3 was reduced in situ at 300 ◦C for 2 h in a flow-
ing H2/N2 (1:1) atmosphere. Afterward, the reactor was purged with N2 gas (50 mL·min−1)
for 30 min to remove the adsorbed hydrogen. For this study, methanol APR activity tests
were performed at temperatures of 190 ◦C, 210 ◦C, and 230 ◦C, and pressures of 3.2 MPa,
4.0 MPa, 5.2 MPa, 5.5 MPa, and 6.0 MPa with N2 co-feeding (sweep gas) at 30 mL·min−1.
Two different methanol aqueous solutions, 5 wt.% and 55 wt.% of methanol, were tested
under the above-mentioned experimental conditions. To keep the reaction in the liquid
phase, binary equilibrium plots for the methanol–water mixture were simulated using
Aspen Plus (Aspen Technology Software V37.0) (Wilson-Ideal equation property package).
These phase diagrams were obtained for the different methanol–water mixtures at various
operating temperatures.

The methanol aqueous solution was fed upwards using an HPLC pump (KNAUER
Smartline Manager 5050, Berlin, Germany) with a WHSV between 0.1 h−1 and 21.2 h−1. The
output stream was cooled down in a condenser at ca. 0 ◦C to separate the liquid-phase and
gaseous-phase streams. The concentration of the gaseous-phase components was measured
with online gas chromatography (GC) (Shimadzu GC 2010 Plus, Kyoto, Japan) equipped
with two columns, Pora-Plot Q (Agilent, Santa Clara, CA, USA) and HP-Molesieve (Agilent),
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and a barrier ionization discharge detector (BID, Shimadzu, Kyoto, Japon). The catalytic
activity was evaluated in terms of methanol conversion (%) (Equation (7)), H2 production
rate (µmol·min−1·gcatalyst

−1) (Equation (8)), CH4 production rate (µmol·min−1·gcatalyst
−1)

(Equation (9)), and H2 selectivity (%) (Equation (10)).

Methanol conversion (%) = (
nMeOHin − nMeOHout

nMeOHin
)× 100 (7)

H2 production rate (µmol·min−1·gcatalyst
−1) =

n(H2)

mcatalyst
(8)

CH4 production rate (µmol·min−1·gcatalyst
−1) =

n(CH4)

mcatalyst
(9)

Selectivity Hydrogen (%) =
n(H2)

∑ GasProductsout
× 100 (10)

Herein, n denotes the molar flow rate, MeOHin means methanol in the inlet flow,
MeOHout means methanol in the outlet flow, and mcatalyst is the mass of the catalyst in
grams. All values were obtained after achieving steady-state reaction conditions.

4. Conclusions

This work studies the effects of various operating conditions in methanol APR using a
commercial Pt/Al2O3. As expected, increasing operating temperature and residence time
were beneficial for APR performance. Methanol conversion was, however, below 5% while
using 55 wt.% methanol feedstock at 190 ◦C. Despite the low methanol conversion obtained
using high-methanol concentration feed (55 wt.%), the hydrogen production rate that was
achieved was high. As the operating pressure was increased beyond bubble point pressure,
methanol conversion dropped drastically due to the increase in mass transfer limitations.
However, increasing the operating pressure did not affect the hydrogen selectivity. It was
also concluded that alkane formation in APR also occurs due to parallel pathway reactions
in addition to hydrogenation of CO/CO2 but at a minute level. Slight deactivation was
observed using 5 wt.% methanol feedstock after the long-term stability experiment due to
the alumina phase changing into boehmite and Pt sintering and leaching.

Nonetheless, APR has come up to be an encouraging technology for hydrogen produc-
tion. Several shortcomings of APR have been listed that should be researched to achieve
higher hydrogen production and increased catalyst stability.
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Abbreviations

APR Aqueous-phase reforming
FBR Fixed-bed reactor
GC Gas chromatography
HPLC High-performance liquid chromatography
MSR Methanol steam reforming
PR Production rate
TPD Temperature-programmed desorption
TPR Temperature-programmed reduction
WGS Water–gas shift
WHSV Weight hourly space velocity
XRD X-ray diffraction
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Abstract: Dry reforming of methane (DRM) is a promising way to convert methane and carbon
dioxide into syngas, which can be further utilized to synthesize value-added chemicals. One of the
main challenges for the DRM process is finding catalysts that are highly active and stable. This study
explores the potential use of Ni-based catalysts modified by Ga. Different Ni-Ga/(Mg, Al)Ox catalysts,
with various Ga/Ni molar ratios (0, 0.1, 0.3, 0.5, and 1), were synthesized by the co-precipitation
method. The catalysts were tested for the DRM reaction to evaluate their activity and stability.
The Ni/(Mg, Al)Ox and its Ga-modified Ni-Ga/(Mg, Al)Ox were characterized by N2 adsorption–
desorption, Fourier Transform Infrared Spectroscopy (FTIR), H2-temperature-programmed reduction
(TPR), X-ray diffraction (XRD), thermogravimetric analysis (TGA) and Raman techniques. The
test of catalytic activity, at 700 ◦C, 1 atm, GHSV of 42,000 mL/h/g, and a CH4: CO2 ratio of 1,
revealed that Ga incorporation effectively enhanced the catalyst stability. Particularly, the Ni-Ga/(Mg,
Al)Ox catalyst with Ga/Ni ratio of 0.3 exhibited the best catalytic performance, with CH4 and CO2

conversions of 66% and 74%, respectively, and an H2/CO ratio of 0.92. Furthermore, the CH4 and
CO2 conversions increased from 34% and 46%, respectively, when testing at 600 ◦C, to 94% and
96% when the catalytic activity was operated at 850 ◦C. The best catalyst’s 20 h stream performance
demonstrated its great stability. DFT analysis revealed an alteration in the electronic properties of
nickel upon Ga incorporation, the d-band center of the Ga modified catalyst (Ga/Ni ratio of 0.3)
shifted closer to the Fermi level, and a charge transfer from Ga to Ni atoms was observed. This
research provides valuable insights into the development of Ga-modified catalysts and emphasizes
their potential for efficient conversion of greenhouse gases into syngas.

Keywords: methane reforming; syngas; bimetallic catalyst; gallium; nickel

1. Introduction

In recent years, the quest for sustainable energy solutions has gained unprecedented
momentum, prompting researchers and scientists to explore innovative approaches for
mitigating the environmental impact of industrial processes. Among the various challenges
faced, the transformation of greenhouse gases, such as methane (CH4) and carbon dioxide
(CO2), into valuable products has emerged as a crucial area of investigation. In this context,
the dry reforming of methane (DRM) reaction has garnered significant attention for its
potential to simultaneously convert these two greenhouse gases, methane and carbon
dioxide, into valuable synthesis gas (syngas), a mixture of hydrogen (H2) and carbon
monoxide (CO), which is a vital precursor for the production of liquid fuels, chemicals, and
other value-added products [1–3]. DRM can be represented by the following endothermic
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reaction (Equation (1)). However, the DRM reaction is challenging due to the required high
operating temperatures, as well as issues with catalyst deactivation from coke formation
and sintering [3].

CH4 + CO2
 2CO + 2H2 (4H◦298 = 247 kJ/mol) (1)

Nickel-based catalysts are attractive for DRM due to their high catalytic activity,
economic viability, and natural abundance. Nonetheless, they are susceptible to issues
related to catalyst deactivation, through coking and sintering, which severely limit their
practical applications [4–6]. One approach to improving the performance of DRM catalysts
is the use of bimetallic systems, where the addition of a second metal can enhance catalytic
activity, stability, and selectivity.

Recently, a computational screening study, based on density functional theory (DFT)
predictions, has shown that a nickel–gallium (Ni-Ga) bimetallic system could be a promising
candidate for catalyzing the DRM reaction and could help mitigate these issues [7,8].

This has been confirmed through numerous experimental investigations, which
showed that the incorporation of gallium (Ga) as a secondary metal into a Ni-based catalyst
has a positive impact on the catalytic performance during the DRM reaction and promotes
the catalysts with a strong carbon-deposition resistance [9–14].

The support material has a pivotal role in enhancing the performance of nickel cat-
alysts, as it affects the dispersion of active sites, thermal stability, and interaction with
reactants. The good textural qualities, high surface area, and mechanical and thermal stabil-
ity of Al2O3 make it a popular choice for supporting nickel [15,16]. Generally, as an acidic
support, Al2O3 catalyzes the unwanted side reaction of methane cracking (Equation (2))
that can produce coke [17,18]. As such, unless the deposition mechanism is effectively
inhibited or the deposited carbon is successfully removed by the reversed Boudouard
reaction (Equation (3)), catalyst deactivation takes place [19–21]. In this sense, a suitable
basic oxide, such as MgO, is needed to neutralize the acid sites of Al2O3.

CH4 → C + 2H2 (4H◦298 = 75.0 kJ/mol) (2)

C + CO2 → 2CO (4H◦298 = 172.0 kJ/mol) (3)

It is well documented that catalysts supported on MgO–Al2O3 mixed oxides show
higher catalytic activity and higher carbon resistance in the CO2 reforming of CH4. The
role of MgO is thought to provide moderate basicity that can enhance the dissociative
adsorption of CO2, and thereby the carbon deposition can be suppressed by promoting a
carbon gasification reaction [22–24]. Furthermore, it has been reported that the application
of MgO as a promoter for alumina could not only prevent the amount of deposited carbon
but also alter the nature of carbon toward less graphitic and more destructive forms [25].

Hydrotalcites, also known as layered double hydroxides (LDHs), are natural or syn-
thetic laminar materials, with a similar structure to brucite (Mg(OH)2) and natural hydro-
talcite (Mg6Al2(OH)16CO3.4H2O) [26]. They emerge as a promising class of catalyst precur-
sors. Their chemical composition may be presented by the general formula [M2+

1−x M3+
x

(OH)2]x+ (An−)x/n.yH2O where M2+ and M3+ are divalent and trivalent metal cations,
respectively; x is the mole fraction of the trivalent cation; An− is the anion of compensation;
and y is the degree of hydration. Generally, M2+ may be Ni2+, Co2+, Cu2+, or Zn2+; M3+

may be Al3+, Ga3+, Ce+3, or Fe3+; and An− may be CO3
−2 or NO3− [27]. The layered

structure of hydrotalcite facilitates the incorporation of metal ions and the formation of
well-dispersed mixed oxides upon thermal decomposition. These mixed oxides exhibit
high surface areas, tunable acid-base properties, and structural stability, which can enhance
the overall catalytic performance in DRM [28,29].

To our knowledge, no one has reported on the modification of NiMgAl hydrotalcite
(HT), which uses a fixed M2+/M3+ molar ratio, with Ga as the DRM catalyst. In this work,
Ni/(Mg, Al)Ox and gallium-modified Ni-Ga/(Mg, Al)Ox catalysts from their correspond-
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ing hydrotalcite precursors are prepared. HTlcs with different Ga/Ni molar ratios (i.e.,
Ga/Ni = 0, 0.1, 0.3, 0.5, and 1.0) were synthesized by the co-precipitation method. The
prepared HTlcs, their calcined forms, and the spent catalysts were subjected to characteri-
zation using N2 adsorption, FTIR, XRD, H2-TPR, TPO, TGA, and Raman spectroscopy. The
catalytic performance of these materials in terms of activity, selectivity, and stability for
the dry reforming of methane (DRM) reaction was evaluated at 700 ◦C within a vertical
fixed-bed reactor.

2. Results
2.1. Characterization of the Catalysts

FTIR is a powerful technique used to analyze the functional groups in materials and
to gain knowledge of their structure and composition. The FTIR spectroscopy of the as-
prepared materials, measured in the range from 4000 to 400 cm−1, is shown in Figure 1. As
can be seen from the figure, all the prepared samples showed similar FTIR spectra, which
is typical for hydrotalcite-like materials. The broad and strong absorption band centered
at around 3500 cm−1 is ascribed to the stretching vibration of (OH−) groups, indicating
that they result from hydrogen-bonded, interlayered H2O molecules or are due to the
M-OH (M = Mg, Al) vibrations [30]. The band centered at around 1650 cm−1 is due to
the H–O–H bending vibration modes, confirming the presence of water molecules in the
interlayer region [31]. The bands centered at 1520 cm−1 and 1380 cm−1 are associated with
the carbonate species (CO3

−2) in the interlayer spaces; the former is attributed to the ν3
antisymmetric stretching modes, while the latter is associated with the O–C–O asymmetric
vibrations [32,33].
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Figure 1. FTIR spectra of the as-prepared hydrotalcites: (a) Ni-Mg-Al, (b) Ni-Ga-Mg-Al (Ga/Ni = 0.1),
(c) Ni-Ga-Mg-Al (Ga/Ni = 0.3), (d) Ni-Ga-Mg-Al (Ga/Ni = 0.5), and (e) Ni-Ga-Mg-Al (Ga/Ni = 1.0).

These results demonstrate the successful preparation of layered double hydroxides
(LDHs) as precursor catalysts.

The XRD patterns of the as-prepared hydrotalcites are demonstrated in Figure 2. As
can be seen from the diffractograms, all the patterns are very similar and show reflection
peaks typical of the 3R rhombohedral layered double hydroxide structure. The diffraction
peaks match well with those reported in the reference data (JCDPS: 96-900-9273).
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(c) Ni-Ga-Mg-Al (Ga/Ni = 0.3), (d) Ni-Ga-Mg-Al (Ga/Ni = 0.5), and (e) Ni-Ga-Mg-Al (Ga/Ni = 1.0).

The reflection peaks at 11.6◦, 23.2◦, 34.5◦, 39.1◦, 46.5◦, 59.9◦, and 60.9◦ are associated
with the plane families (003), (006), (009), (015), (018), (110), and (0015), respectively. No
peaks of other phases are observed, irrespective of the Ga content, indicating the high
purity of the as-prepared LDHs and pointing to the successful incorporation of both Ni2+

and Ga3+ cations into the brucite layers [31,32].
The BET-specific surface area, pore volume, and pore size distribution for the calcined

samples were determined by nitrogen physisorption. The BET adsorption–desorption
isotherms and pore size distribution for the calcined samples are presented in Figure 3A,B,
and the corresponding results are summarized in Table 1. While the BET adsorption–
desorption isotherms for the as-prepared hydrotalcites are provided in Figure S2. As can
be seen from Figure 3A, all the calcined catalysts show a type IV adsorption–desorption
isotherm with an H1-type hysteresis loop [34], indicative of the presence of mesoporous
structures in these catalysts, except for Ni-Ga/(Mg, Al)Ox (Ga/Ni = 1.0), which displays
a hysteresis loop of type H3, often associated with materials with platelet-like porous
structures [35].

Table 1. Physicochemical properties of dried and calcined catalysts: BET surface area, total pore
volume, and pore size.

Sample
Surface Area (m2/g) Pore Volume (cm3) Pore Size (nm)

As-Prepared Calcined As-Prepared Calcined As-Prepared Calcined

Ni/(Mg, Al)Ox 131.2 215.4 0.51 0.68 14.2 12.4
Ni-Ga/(Mg, Al)Ox (Ga/Ni = 0.1) 124.2 205.7 0.55 0.73 16.8 15.4
Ni-Ga/(Mg, Al)Ox (Ga/Ni = 0.3) 150.4 189.9 0.66 0.70 16.6 15.4
Ni-Ga/(Mg, Al)Ox (Ga/Ni = 0.5) 122.2 197.7 0.59 0.80 17.8 17.0
Ni-Ga/(Mg, Al)Ox (Ga/Ni = 1.0) 150.4 253.1 0.64 0.96 15.9 15.6
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Figure 3. (A) N2 adsorption-desorption isotherms: adsorption (filled); desorption (half filled) sym-
bols) and (B) pore size distribution profiles of (a) Ni/(Mg, Al)Ox, (b) Ni-Ga/(Mg, Al)Ox (Ga/Ni =
0.1), (c) Ni Ga/(Mg, Al)Ox (Ga/Ni = 0.3), (d) Ni-Ga/(Mg, Al)Ox (Ga/Ni = 0.5), and (e) Ni-Ga/(Mg,
Al)Ox (Ga/Ni = 1.0).

Table 1 also compares the textural characteristics of the as-prepared and calcined
catalysts in terms of specific surface areas and pore volumes. All calcined catalyst samples
exhibit a larger specific area and pore volume than the as-prepared samples, which is
attributed to the dehydroxylation and decarbonization process that takes place during
the thermal decomposition upon calcination [36]. The specific surface areas for the as-
synthesized samples are in the range of 124–150 m2/g, while those for calcined samples
are in the range of 190–253 m2/g. Furthermore, the pore volumes for the as-synthesized
samples are in the range of 0.51–0.66 cm3/g and increased to a range of 0.68–0.97 cm3/g
for the calcined samples. The pore size distribution, shown in Figure 3B, illustrated that all
samples exhibited a unimodal pore size in the range of 12.4–17 nm, and the incorporation
of gallium broadened the pore size distribution. The relatively high specific surface areas
and pore volumes for these catalysts would facilitate the mass transport process of the
reactants and products during the DRM reaction.
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The H2-temperature-programmed reduction profile for the hydrotalcite samples is
shown in Figure 4A, while that for the calcined ones is depicted in Figure 4B. In the TPR of
HT samples, Figure 4A, two significant negative peaks, at temperature ranges of ~165 and
~340 ◦C, are observed. These two peaks might be attributed to the dehydroxylation (removal
of interlayer water) and decarbonization (removal of CO2) processes during the H2-TPR
analysis [37]. The presence of interlayer water and carbonate anions in the HT structures
leads to the evolution of H2O and CO2 upon thermal decomposition during the H2-TPR
analysis, which contributes to the appearance of negative responses in the TPR profile, unlike
with the case for the calcined samples, shown in Figure 4B, where H2 is consumed, due
to the reduction process, which appears as a positive response. Generally, the strongly
interacted NiO species are harder to reduce than the moderately interacted NiO species. For
the unmodified catalyst sample, a significant reduction peak appears at a temperature of
~850 ◦C. This peak corresponds to the hydrogen uptake upon reduction of nickel oxide to
metallic nickel (NiO to Ni0), which is in strong interaction with the mixed oxide support [38].
Furthermore, a small reduction peak at ~550 ◦C is detected, ascribed to the reduction of
surface NiO with weak interaction with the support [39]. The absence of a reduction peak
below 400 ◦C indicates that no free NiO species exist over the catalyst surface. Upon Ga
modification, the high-temperature peak, the peak at ~850 ◦C, is shifted toward higher
reduction temperatures, and this shifting gradually increases with increased Ga loading. It
has been reported that the reduction process of Ga2O3 requires higher temperatures [40].
Therefore, the shifting in reduction temperatures for the Ga-modified samples toward higher
temperatures can be attributed to the simultaneous reduction of Ni2+ and Ga3+ to metallic
Ni and Ga in the form of a Ni-Ga alloy. This also is in good accordance with the XRD
of reduced catalysts, as will be discussed later. Similarly, as shown in Table 2, hydrogen
consumption also increases upon Ga modification. Notably, the small reduction peak at the
low-temperature range (at ~550 ◦C) diminishes for the Ga-modified catalyst. These results
indicate the enhancement of the metal-support interaction and a growing number of active
sites upon Ga incorporation into the catalyst. All the observed reduction peaks are assigned
to Ni and Ga oxide species reduction into metallic Ni and Ga since the Mg-Al oxides are not
reducible in the H2-TPR conditions. Similar TPR profiles are also observed for the calcined
samples, considering the high-temperature reduction peak at ~850 ◦C, as shown in Figure 4B,
except for the disappearance of the two negative peaks at low temperatures, related to
dehydroxylation and decarbonization. The quantitative summary of H2-TPR analysis for the
calcined samples is also provided in Table S2 of the Supplementary Materials.
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Table 2. Quantitative summary of H2-TPR analysis for the as-prepared hydrotalcite samples.

HT Sample Peak Temperature (◦C) Total H2 Consumed
(mmol/gcat) a

Ni/(Mg, Al) 845 0.92
Ni-Ga/(Mg, Al) (Ga/Ni = 0.1) 851 0.95
Ni-Ga/(Mg, Al) (Ga/Ni = 0.3) 855 1.35
Ni-Ga/(Mg, Al) (Ga/Ni = 0.5) 858 1.10
Ni-Ga/(Mg, Al) (Ga/Ni = 1.0) 860 1.21

a Calculated from the H2-TPR profiles over the whole temperature range.

The XRD diffractograms of the HT-like precursors after calcination at 550 ◦C for 5 h
are demonstrated in Figure 5A. All the samples showed similar XRD patterns, except
that the peak intensity decreases when Ga content increases. The diffraction peaks at 2θ
angles of 34.7, 43.3, 62.6, and 79.4◦ are ascribed to the (111), (020), (022), and (222) planes of
MgO periclase (JCDPS: 96-900-7060) [31,32]. These peaks can also indicate the formation
of periclase-like mixed oxides, in the form of a (Mg(Ni,Ga,Al)-O)-type structure. The
diffraction peaks at 2θ angles of ca. 11.4 and 23.1◦ are associated to the (003) and (006) plane
families of hydrotalcites, which can either be attributed to the incomplete decomposition of
the HT-precursors or to the partial reconstruction of the calcined mixed oxides into HTs,
upon exposure to the air atmosphere, due to the so-called memory effect [41].

To reveal the crystalline structure of reduced Ni/(Mg, Al)Ox and Ni-Ga/(Mg, Al)Ox
(with different Ni:Ga molar ratios) catalysts, firstly a reductive treatment was performed
for the as-prepared LDHs at 700 ◦C for 2 h in 30 mL of H2 flow. The XRD patterns of
the resulting catalysts are shown in Figure 5B. The distinct diffraction peaks for Ni/(Mg,
Al)Ox catalysts observed at 2θ angles of 43.5◦ and 76.5◦ correspond to the (111) and (220)
atomic planes of the metallic Ni with fcc structure (JCDPS: 00-04-0850), respectively [42].
Particularly, these two peaks are slightly shifted toward lower 2θ angles for the Ni-Ga/(Mg,
Al)Ox (with different Ni: Ga molar ratios) catalyst samples, suggesting the formation of
Ni-Ga intermetallic compounds due to the larger atomic radius of Ga (0.135 nm) than that of
Ni (0.125 nm) [9,43,44]. The sharp reflection peaks at 2θ angles of 36.9, 43.5, 62.9, and 76.5◦

could also be ascribed to the periclase-like phase of mixed oxides of the (Mg(Ni,Ga,Al)-
O)-type structure [45]. The reflection peak located at ca. 63.3◦ could also be attributed
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to the (220) facets of the face-centered cubic NiO phase (JCDPS: 01-089-5881), due to the
incomplete reduction process [46].
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2.2. Catalytic Activity Tests

The activity of Ni/(Mg, Al)Ox and Ni-Ga/(Mg, Al)Ox (Ga/Ni = 0.1, 0.3, 0.5, and
1.0) catalysts in terms of CH4 conversion and CO2 conversion are displayed in Figure 6.
For all studied catalysts, the CH4 conversion is always lower than the CO2 conversion,
which is due to the reverse water gas shift (RWGS) (CO2 + H2 → CO + H2O) reaction
accompanying the DRM. The unpromoted catalyst, Ni/(Mg, Al)Ox, showed initial CH4
and CO2 conversions of ∼65% and 74%, respectively; however, these conversions tend to
gradually decrease over time on stream.
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For Ga-promoted catalysts, Ni-Ga/(Mg, Al)Ox (Ga/Ni = 0.1, 0.3, 0.5, and 1), initial
conversions were comparable to the unpromoted catalyst. However, after 5 h on stream,
significant differences in catalytic stability emerged. Of all the catalysts tested, the Ni-
Ga/(Mg, Al)Ox catalysts with (Ga/Ni = 0.3) exhibited the best performance in terms of
catalytic stability without noticeable deactivation.

The improved catalytic stability on Ga incorporation might be attributed to the en-
hanced process of CO2 activation. As pointed out by many researchers, the hydrotalcite-
derived mixed oxides substituted with Ga have good CO2 sorption (capture) characteristics
at elevated temperatures [47,48]. This in turn will facilitate carbon removal through the
gasification reaction (C + CO2
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2CO). A proposed mechanism for the enhanced stability
of this system involves the formation of Ni3GaC0.25 through the interaction of carbon from
methane decomposition with the Ni3Ga alloy. This carbide is subsequently oxidized to CO
by CO2 in a cyclic process, preventing carbon accumulation and polymerization [8].
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The catalytic performance of the Ni-Ga/(Mg, Al)Ox catalyst with Ga/Ni = 0.3 was
further tested at 700 ◦C and GHSV of 42,000 mL/h/g for a 20 h-duration TOS. The results
provided in Figure S4 of the Supplementary Materials show stable CH4 and CO2 conversion
profiles over the entire reaction period.

The influence of reaction temperature on the catalytic performance of Ni-Ga/(Mg,
Al)Ox catalyst with Ga/Ni = 0.3 is displayed in Figure 7. As can be seen from the figure, on
increasing the reaction temperature from 600 to 850 ◦C, CH4 conversion rises from 35% to
94%, whereas CO2 conversion increases from 46% to 96%. This is due to the endothermic
nature of the DRM reaction. Comparing CH4 and CO2 conversions displays that CH4
conversion is always lower than CO2 conversion, for the studied temperature range, which
indicates the coexistence of the reverse water gas shift (RWGS) reaction under these reaction
conditions. Furthermore, the ratio H2/CO increases with reaction temperature from 0.77 at
600 ◦C to 1.00 at 850 ◦C. A comparison of the catalytic activity of the Ni-Ga/(Mg, Al)Ox
(Ga/Ni = 0.3) catalyst with other Ga-modified catalysts, which was reported in previous
studies, is provided in Table S3 of the Supplementary Materials. As shown in the table, the
catalytic performance of the Ni-Ga/(Mg, Al)Ox catalyst with Ga/Ni = 0.3 outperforms the
analogs presented in the literature, which is most likely due to the promotional effect and
improved structural properties upon Ga modification.
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2.3. Characterization of Spent Catalysts

Ni-based catalysts typically suffer from severe coking during the DRM reaction, due
to the accumulation of carbonaceous species on the catalyst’s surface, which lead to the
deactivation of the catalytic active sites [3]. Therefore, for a specific catalyst, the catalytic
activity and stability are closely related to the amount of carbon species formed on its
surface during the DRM reaction.

Thermogravimetric analysis (TGA) could provide useful information on quantifying
the deposited carbon on spent catalysts. The TGA and the differential thermal analysis
(DTA) of spent catalysts are shown in Figure 8A,B. Figure 8A shows that the addition of
Ga enhances the catalytic stability compared to the unmodified catalyst. The unmodified
catalyst showed a relatively high weight loss of ~24 wt.%, indicating its poor resistance
to coke deposition. The incorporation of Ga resulted in good coke resistance, indicated
by the reduced amount of deposited carbon. The Ni-Ga/(Mg, Al)Ox catalyst with Ga/Ni
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ratio = 0.3 showed the best catalytic stability, with only ~13 wt.% weight loss. From the
DTA profiles, Figure 8B, a peak at a temperature of ~300 ◦C, with comparable intensity,
appears for all the catalyst samples, which is associated with combustion of the less-ordered
(amorphous) carbon. The high-temperature peak is related to the highly ordered form of
carbon (>650 ◦C) (graphitic carbon) that requires higher temperatures to decompose [49].
The intensity of the later peak is the highest for the unmodified Ni/(Mg, Al)Ox catalyst
and is significantly reduced upon Ga incorporation. Interestingly, a graphitic carbon peak
is not detected for the Ni-Ga/(Mg, Al)Ox catalyst with Ga/Ni ratio = 0.3, indicating that
the carbon deposited on such a catalyst is mainly amorphous and can easily be gasified.

Catalysts 2024, 14, x FOR PEER REVIEW 12 of 21 
 

 

 

 
Figure 8. (A) TGA analysis and (B) DTA of spent catalysts: (a) Ni/(Mg, Al)Ox, (b) Ni-Ga/(Mg, Al)Ox 
(Ga/Ni = 0.1), (c) Ni-Ga/(Mg, Al)Ox (Ga/Ni = 0.3), (d) Ni-Ga/(Mg, Al)Ox (Ga/Ni = 0.5), and (e) Ni-
Ga/(Mg, Al)Ox (Ga/Ni = 1.0). 

TPO analysis could provide additional information on the type and amount of de-
posited carbon on the spent catalysts. The TPO profiles of spent catalysts are depicted in 
Figure 9. The TPO profiles for all the catalysts show two significant weight loss regions, 
the low-temperature region between 100–400 °C, corresponding to the combustion of the 
amorphous carbon or metal carbide species, and the high-temperature above 500 °C, re-
lated to the combustion of the graphitic carbon. 

The latter type of carbon (graphitic carbon) is less reactive and responsible for catalyst 
deactivation [49]. From the TPO profiles, it can be seen that the type and amount of each 
carbon species are significantly altered upon gallium addition. For the unmodified 

Figure 8. (A) TGA analysis and (B) DTA of spent catalysts: (a) Ni/(Mg, Al)Ox, (b) Ni-Ga/(Mg, Al)Ox

(Ga/Ni = 0.1), (c) Ni-Ga/(Mg, Al)Ox (Ga/Ni = 0.3), (d) Ni-Ga/(Mg, Al)Ox (Ga/Ni = 0.5), and (e)
Ni-Ga/(Mg, Al)Ox (Ga/Ni = 1.0).
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TPO analysis could provide additional information on the type and amount of de-
posited carbon on the spent catalysts. The TPO profiles of spent catalysts are depicted in
Figure 9. The TPO profiles for all the catalysts show two significant weight loss regions,
the low-temperature region between 100–400 ◦C, corresponding to the combustion of the
amorphous carbon or metal carbide species, and the high-temperature above 500 ◦C, related
to the combustion of the graphitic carbon.

Catalysts 2024, 14, x FOR PEER REVIEW 13 of 21 
 

 

catalyst, Ni/(Mg, Al)Ox, the main coke species deposited on its surface is graphitic. Also, 
the Ni-Ga/(Mg, Al)Ox catalyst with Ga/Ni ratio = 0.3 had both the least graphic carbon type 
and the highest amount of amorphous carbon. This result is in good consistency with the 
TGA analysis and indicates that catalyst deactivation is significantly reduced upon Ga 
incorporation, due to the formation of reactive-type carbon instead of a graphitic one, 
which in turn secures in situ gasification of deposited carbon and hence better catalytic 
stability. These results are in good accordance with the catalytic activity tests discussed 
previously. 

 
Figure 9. TPO profiles of used catalysts: (a) Ni/(Mg, Al)Ox, (b) Ni-Ga/(Mg, Al)Ox (Ga/Ni = 0.1), (c) 
Ni-Ga/(Mg, Al)Ox (Ga/Ni = 0.3), (d) Ni-Ga/(Mg, Al)Ox (Ga/Ni = 0.5), and (e) Ni-Ga/(Mg, Al)Ox (Ga/Ni 
= 1.0). 

Raman spectroscopy is a useful tool that provides information about the structural 
disorders and defects in carbon-based materials. Raman spectra for the spent catalysts are 
shown in Figure 10. The peak at the Raman shift of ~1380 (D-band) is due to disordered 
carbon species (e.g., amorphous or defective filamentous carbon), whereas the peak at the 
Raman shift of ~1589 (G-band) arises from the first-order scattering E2g mode of ordered 
graphite [49,50]. Generally, the relative intensity between the D and G bands is an indica-
tor of the graphitic degree of the deposited carbon; the lower the value, the more graphitic 
the structure [51]. As shown in the Raman spectra, the unmodified catalyst showed a more 
ordered graphite structure with a high graphitization nature, indicated by the lowest 
value of ID/IG ratio of 0.93. On Ga modification, this ratio increased to greater values (>1). 
The Ni-Ga/(Mg, Al)Ox (with Ga/Ni = 0.3), among all the studied catalysts, has the highest 
value of ID/IG of 1.80. This indicates that for this specific catalyst the degree of crystallinity 
for the deposited carbon is the least during the DRM reaction. This result is also in good 
agreement with the trends observed in the DTA and TPO analyses discussed previously, 
shown in Figure 8 and Figure 9, respectively. 

Figure 9. TPO profiles of used catalysts: (a) Ni/(Mg, Al)Ox, (b) Ni-Ga/(Mg, Al)Ox (Ga/Ni = 0.1),
(c) Ni-Ga/(Mg, Al)Ox (Ga/Ni = 0.3), (d) Ni-Ga/(Mg, Al)Ox (Ga/Ni = 0.5), and (e) Ni-Ga/(Mg, Al)Ox
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The latter type of carbon (graphitic carbon) is less reactive and responsible for catalyst
deactivation [49]. From the TPO profiles, it can be seen that the type and amount of each
carbon species are significantly altered upon gallium addition. For the unmodified catalyst,
Ni/(Mg, Al)Ox, the main coke species deposited on its surface is graphitic. Also, the
Ni-Ga/(Mg, Al)Ox catalyst with Ga/Ni ratio = 0.3 had both the least graphic carbon type
and the highest amount of amorphous carbon. This result is in good consistency with the
TGA analysis and indicates that catalyst deactivation is significantly reduced upon Ga
incorporation, due to the formation of reactive-type carbon instead of a graphitic one, which
in turn secures in situ gasification of deposited carbon and hence better catalytic stability.
These results are in good accordance with the catalytic activity tests discussed previously.

Raman spectroscopy is a useful tool that provides information about the structural
disorders and defects in carbon-based materials. Raman spectra for the spent catalysts are
shown in Figure 10. The peak at the Raman shift of ~1380 (D-band) is due to disordered
carbon species (e.g., amorphous or defective filamentous carbon), whereas the peak at the
Raman shift of ~1589 (G-band) arises from the first-order scattering E2g mode of ordered
graphite [49,50]. Generally, the relative intensity between the D and G bands is an indicator
of the graphitic degree of the deposited carbon; the lower the value, the more graphitic the
structure [51]. As shown in the Raman spectra, the unmodified catalyst showed a more
ordered graphite structure with a high graphitization nature, indicated by the lowest value
of ID/IG ratio of 0.93. On Ga modification, this ratio increased to greater values (>1). The
Ni-Ga/(Mg, Al)Ox (with Ga/Ni = 0.3), among all the studied catalysts, has the highest
value of ID/IG of 1.80. This indicates that for this specific catalyst the degree of crystallinity
for the deposited carbon is the least during the DRM reaction. This result is also in good
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agreement with the trends observed in the DTA and TPO analyses discussed previously,
shown in Figures 8 and 9, respectively.
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2.4. DFT Mechanistic Insights on the Effect of Ga Modification

DFT calculations were performed to obtain mechanistic insights into the enhanced
CO2 activation due to Ga incorporation into the Ni3Ga catalyst. The density of states
(DOS), d-band center, charge density difference, and Bader charge were calculated, and
the results are presented in Figure 11. As can be seen from the projected density of states
(PDOS) profiles shown in Figure 11A, there is a clear overlapping between the d-band of
Ni atoms and the p-bands of Ga atoms in the Ni3Ga(111) system; this orbital overlapping
indicates the hybridization of occupied Ga 4p orbitals with the unoccupied Ni 3d. This
orbital hybridization results in electron transfer from Ga atoms to Ni ones. Furthermore,
the d-band center of Ni on the Ni3Ga(111) surface shifts closer to the Fermi level with a
value of ~−1.11 eV compared with ~−1.37 eV for that of the Ni(111) surface. From the
Bader charge analysis, Figure S3, the estimated specific charge amount of the Ni atoms
increased from ~10.04 e on the Ni (111) surface to ~10.12 e on the Ni3Ga surface.

The electron transfer from Ga to Ni atoms is further confirmed through the analysis of
the charge density, shown in Figure 11. The charge density difference shows a clear charge
localization, indicated by the electronic clouds around Ga atoms in the figure, which is due
to electron redistribution between Ni and Ga atoms, where a partial electronic charge is
transferred from Ga atoms to Ni ones.

Overall, it is believed that this charge localization will render Ni atoms to act as Lewis
basic centers “pushing” electrons to the electrophilic carbon atom of CO2, while the Lewis
acidic Ga centers facilitate stabilization of the bound CO2 by “pulling” electron density from
the electron-rich CO2 molecule. Therefore, The Lewis acid and Lewis base synergistically
interact with CO2 boosting its chemisorption and activation. This will eventually result in
an in-situ carbon removal process, preventing carbon deposits from self-polymerizing, and
consequently leading to enhanced catalytic stability. This result is in good agreement with
prior experimental X-ray absorption near-edge structure (XANES) investigations [52,53]
and DFT theoretical calculations [54,55].
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3. Materials and Methods
3.1. Catalyst Preparation

The monometallic Ni and bimetallic Ni-Ga catalysts were synthesized from their re-
spective layered double hydroxide (LDH) precursors via the following procedure. The LDH
samples, with a targeted M2+/M3+ molar ratio of 3 and a total active metal loading of 10 wt.%,
were prepared through the co-precipitation method at the high supersaturation method. In
this method, five LDH precursors were synthesized based on the targeted molar ratio of
gallium to nickel on the final catalyst (i.e., Ga/Ni = 0, 0.10, 0.20, 0.50, and 1.0). According
to the calculations of stoichiometric ratios (Table S1 in the Supplementary Materials), the
required weight of metal nitrates, Ni(NO3)2·6H2O (Sigma Aldrich Chemical Company Inc.,
Milwaukee, WI, USA), Ga(NO3)3·xH2O (Sigma Aldrich Chemical Company Inc., Milwaukee,
WI, USA), Al(NO3)3·9H2O (LOBA Chemie PVT. Ltd., Mumbai, India), and Mg(NO3)2·6H2O
(Sigma Aldrich Chemical Company Inc., Milwaukee, WI, USA), were mixed in 100 mL of
deionized water. An anionic precursor solution of Na2CO3 (VWR Chemicals BDH, Radnor,
PA, USA) and NaOH (LOBA Chemie PVT. Ltd., Mumbai, India) was also prepared, in which
Na2CO3 was used in excess, twice that of the calculated stoichiometric ratio, to ensure that
the charge compensation anion was carbonate CO3

−2 instead of nitrate NO3
− Both solutions

were kept on a magnetic stirrer for 15 min before final mixing. A nitrate solution containing
the divalent and trivalent cations was added drop-wisely to the anionic precursor solution
under vigorous stirring using a graduated burette. During the addition, the solution medium
was kept at a temperature of 65 ◦C and a pH of 9.5–10.5 by adding a 0.2 M NaOH solution
when required. The final mixture was then aged for approximately 18 h at room temperature
with continuous stirring, which resulted in a suspension of the aforementioned hydrotalcite.
The resulting suspension was then centrifuged, and the solid mixture was washed several
times with distilled water, to ensure the entire removal of nitrate and sodium ions. After
this, the samples were dried overnight at 110 ◦C. After drying, the samples were divided
into two parts: one was calcined at 550 ◦C for a duration of 5 h for further characterizations,
while for the other part, the dried samples were crushed, sieved to the desired fraction
(~0.15 µm size), and stored in a desiccator for the subsequent activity tests. The unmodified
catalyst samples are denoted as Ni/(Mg, Al)Ox, and the gallium-modified ones are denoted as
Ni-Ga/(Mg, Al)Ox (Ga/Ni = y), where y refers to the above-stated Ga/Ni molar ratio
(Ga/Ni ratio = 0.1, 0.3, 0.5 and 1). More details on the prepared catalysts are provided in
Table S1 in the Supplementary Materials.

3.2. Catalyst Characterization

The BET surface area, pore volume, and pore diameter of the catalyst samples were
measured from N2 adsorption–desorption data obtained using a Micromeritics Tristar II
3020 instrument (Micrometrics, Norcross, GA, USA). For each analysis, ~70 mg of catalyst
was used. The analysis was performed at −196 ◦C, and before the measurement, the
samples were degassed at 250 ◦C for 180 min to remove the moisture and other gases
adsorbed on the surface of the catalysts.

The FTIR measurements were performed in a Shimadzu IRPrestige-21 (Shimadzu
Corporation, Kyoto, Japan) infrared spectrophotometer. The pellets were prepared by
mixing the sample with spectroscopic grade KBr. The collected spectra of all the studied
samples were measured under ambient conditions in a wavelength range between 400 and
4000 cm−1 with a scan resolution of 4 cm−1 and a total of 32 scans.

Hydrogen-temperature-programmed reduction (H2-TPR) was performed in an Au-
tochem II 2920 chemisorption analyzer (Micromeritics, Norcross, GA, USA). Typically,
70 mg of the calcined catalyst was purged with a pure argon stream at 150 ◦C for 60 min,
followed by cooling to ambient temperature. Then, a mixture of 10 vol.% H2/Ar flowing
at 40 mL/min was introduced to the sample while the temperature was increased from
room temperature to 1000 ◦C, with the heating rate being 10 ◦C/min. The signal of H2
consumption was monitored by a thermal conductivity detector (TCD). A similar approach
was adopted for performing the oxygen-temperature-programmed-oxidation (O2-TPO)
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analysis, except that degassing was performed with He, and a mixture of 10% O2/He
was used.

The crystalline phases of the as-prepared HT, calcined, and reduced samples were
determined using a Miniflex Rigaku X-ray powder diffraction (XRD) instrument (Rigaku,
Tokyo, Japan) using a Cu Kα radiation source operated at 40 kV and 40 mA. The scans
were collected in the 2θ range 5–90◦ (step size: 0.05◦ and time per step 0.8 s).

Thermogravimetric analysis (TGA) was performed for the used catalyst samples on a
Shimadzu TGA-51 (Shimadzu Corporation, Japan). Typically, 10–15 mg of the spent catalyst
sample was placed in an alumina macro crucible and heated from room temperature up to
1000 ◦C (at 20 ◦C/min temperature ramp) in a flowing air atmosphere. The amount of coke
deposited was calculated based on the mass change of the spent catalyst sample during
the experiment.

The graphitization degree and the type of carbon deposited over the surface of spent
catalysts were characterized using a Laser Raman (NMR-4500) spectrometer (JASCO, Tokyo,
Japan). The analysis was carried out using a diode laser beam with a wavelength of 532 nm.
The spectra were collected under ambient conditions using a Raman shift in the range of
500–3500 cm−1. The collected spectra were an accumulation of 20 with 5 s acquiring time
per each.

3.3. Catalytic Activity Performance

The DRM catalytic tests were performed in a fixed-bed reactor, with an inner diameter
of 0.92 cm, at a temperature of 700 ◦C and under atmospheric pressure. Initially, 100 mg
of catalyst sample was reduced in situ for 2 h under H2 flow (20 mL/min) at 700 ◦C.
Subsequently, nitrogen gas (50 mL/min) was introduced for 15 min to purge the residual
H2. Then, a mixture of CH4 (30 mL/min), CO2 (30 mL/min), and N2 (10 mL/min) was
introduced simultaneously into the reactor with a total GHSV of 42,000 mL/h/g. Nitrogen
gas was used as the internal standard for volume-change estimation in the reaction. All
volumetric flow rates given in this study are related to 25 ◦C and atmospheric pressure.
The best-performing catalysts were also tested as a function of temperature in a stepwise
mode from 600 to 850 ◦C. The outlet gases were analyzed by an online gas chromatograph
(Shimadzu Technologies, Santa Clara, CA, USA). The reactant conversions (X) and ratio of
hydrogen to carbon monoxide were calculated based on the formulas given below:

XCH4(%) =
FCH4,in − FCH4,out

FCH4,in
× 100 (4)

XCO2(%) =
FCO2,in − FCO2,out

FCO2,in
× 100 (5)

H2

CO
=

FH2,out

FCO,out
(6)

where Fi,in and Fi,out are the inlet and outlet gas flow rates of i gas (CH4, CO2, H2, and CO).

3.4. DFT Calculations

DFT calculations were performed using the Vienna Ab initio Simulation Package
(VASP.6.1.0) [56–58]. The generalized gradient approximation with the Perdew–Burke–
Ernzerhof functional (GGA-PBE) was used to account for the electron exchange and corre-
lation [59]. The core electrons were described using the projector augmented wave (PAW)
method [60,61], with a plane-wave basis set that was expanded up to a energy cutoff of
400 eV. The reciprocal first Brillouin zones were approximated by a sum over special k
points chosen using the Monkhorst–Pack scheme [62]. The bulk Ni and Ni3Ga systems
were sampled using 6 × 6 × 6 k-point meshes, while for Ni (111) and Ni3Ga(111) surfaces,
a mesh of 5 × 5 × 1 k-points was used. More details on the DFT calculation method and
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the modeled slab surfaces are provided in the Supplementary Materials, paragraph S1 and
Figure S1.

4. Conclusions

This study investigated the impact of Ga modification on the catalytic performance
of Ni/(Mg, Al) Ox catalysts for dry reforming of methane. Catalysts were prepared from
hydrotalcite precursors with Ga/Ni ratios, i.e., 0, 0.1, 0.3, 0.5, and 1.0, through the co-
precipitation method. The prepared catalysts were extensively characterized both before
and after the DRM reaction. The characterization results of the as-prepared catalysts in-
dicated the successful preparation of hydrotalcite precursors. The addition of Ga did not
alter the mesoporous structure of the catalysts, as evidenced by the BET results. Moreover,
the H2-TPR analysis revealed an improvement in the metal-support interactions due to Ga
incorporation. Among the various Ga-modified catalysts, the catalyst with a Ga/Ni ratio
of 0.3 showed the best catalytic performance with superior carbon-deposition resistance
compared to the unmodified one, which resulted in the highest CH4 and CO2 conversions
at the reaction temperature of 700 ◦C. Characterizations on spent catalysts from TGA/DTA,
TPO, and Raman spectroscopy showed enhanced carbon-deposition resistance and re-
duced degree graphitization of the deposited carbon on Ga-modified catalysts. The firm
stability of 20 h time on stream showed stable CH4 and CO2 conversion profiles. DFT
calculations revealed a charge transfer from Ga to Ni atoms, which is thought to enhance
CO2 chemisorption and activation, ultimately resulting in better catalytic stability due to
the in situ process of carbon removal. These findings provide valuable insights into the
role of Ga promotion in Ni-based catalysts and highlight the potential of Ga-modified
catalysts for enhancing DRM efficiency. Future research should focus on exploring different
supports, understanding deactivation mechanisms, and conducting longer-term stability
tests. In situ characterization and advanced computational modeling can further refine our
understanding and guide catalyst development.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal14100721/s1. Paragraph S1: DFT calculation method. Figure
S1: Schematic illustration for the modeled surface slab of (a) Ni(111) and (b) Ni3Ga1(111). The surface
slab models are 2 × 2 slabs with 4 layers; the top two layers are free to move while the bottom two
are kept fixed; Ni atoms in blue and Ga atoms in green. Figure S2: The adsorption isotherm for the
as-prepared hydrotalcites: (a) Ni-Mg-Al, (b) Ni-Ga-Mg-Al (Ga/Ni = 0.1), (c) Ni-Ga-Mg-Al (Ga/Ni = 0.3),
(d) Ni-Ga-Mg-Al (Ga/Ni = 0.5), and (e) Ni-Ga-Mg-Al. Figure S3: Bader charges analysis of (a) Ni(111)
and (b) Ni3Ga(111) surfaces; the numbers labeled indicate the valence electrons on the atoms (in e); the
arrows point out the electron transfer direction. Figure S4: CH4 and CO2 conversion of Ni-Ga/(Mg,
Al)Ox (Ga/Ni = 0.3) catalyst for long-time stream. Table S1: List of prepared catalysts and their
nominal composition. Table S2: Quantitative summary of H2-TPR analysis for the calcined catalysts.
Table S3: Comparison of the activity of the Ni-Ga/(Mg, Al)Ox (Ga/Ni = 0.3) catalyst with other
Ga-modified catalysts reported in previous studies on DRM. References [9–11,63–66] are cited in the
Supplementary Materials.
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Abstract: Bio-oil combined steam/dry reforming (CSDR) with H2O and CO2 as reactants is an
attractive route for the joint valorization of CO2 and biomass towards the sustainable production
of syngas (H2 + CO). The technological development of the process requires the use of an active
and stable catalyst, but also special attention should be paid to its regeneration capacity due to
the unavoidable and quite rapid catalyst deactivation in the reforming of bio-oil. In this work, a
commercial Rh/ZDC (zirconium-doped ceria) catalyst was tested for reaction–regeneration cycles in
the bio-oil CSDR in a fluidized bed reactor, which is beneficial for attaining an isothermal operation
and, moreover, minimizes catalyst deactivation by coke deposition compared to a fixed-bed reactor.
The fresh, spent, and regenerated catalysts were characterized using either N2 physisorption, H2-TPR,
TPO, SEM, TEM, or XRD. The Rh/ZDC catalyst is initially highly active for the syngas production
(yield of 77% and H2/CO ratio of 1.2) and for valorizing CO2 (conversion of 22%) at 700 ◦C, with
space time of 0.125 gcatalyst h (goxygenates)−1 and CO2/H2O/C ratio of 0.6/0.5/1. The catalyst activity
evolves in different periods that evidence a selective deactivation of the catalyst for the reforming
reactions of the different compounds, with the CH4 reforming reactions (with both steam and
CO2) being more rapidly affected by catalyst deactivation than the reforming of hydrocarbons or
oxygenates. After regeneration, the catalyst’s textural properties are not completely restored and
there is a change in the Rh–support interaction that irreversibly deactivates the catalyst for the CH4

reforming reactions (both SR and DR). As a result, the coke formed over the regenerated catalyst
is different from that over the fresh catalyst, being an amorphous mass (of probably turbostractic
nature) that encapsulates the catalyst and causes rapid deactivation.

Keywords: bio-oil; steam reforming; dry reforming; syngas; coke deactivation; regeneration; irre-
versible deactivation

1. Introduction

Syngas, a blend of H2 and CO, is a basic (petro)chemical platform for the syntheses of
alcohols (mainly methanol), ethers, carboxylic acids, other various carbonyl compounds,
synthetic fuels, ammonia, and urea, and is also a fuel employed in gas engines for energy
generation. Its production is still highly dependent on fossil resources, mostly by reforming
of natural gas and petroleum derivatives, with a significant contribution to the global CO2
emissions. Hence, sustainable production options are urged for the transition towards
chemical and energy industries that are completely clean and renewable. Among many
alternatives, the reforming of biomass and its derivatives replacing the traditional fossil-
based feedstock is an attractive option as it meets the goal of net zero CO2 emissions [1].
Its feasibility for a prompt implementation takes advantage of starting from an existing
reforming technology with the challenge of making improvements to minimize costs and
environmental impacts.
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One promising route is the use of lignocellulose biomass wastes, which does not
interfere with food chains and can be processed by fast pyrolysis in simple and decen-
tralized facilities yielding large quantities of bio-oil (a complex mixture of oxygenates
comprising carboxylic acids, aldehydes, alcohols, ketones, esters, furfurals, phenols, and
saccharides [2,3]). The subsequent bio-oil reforming may be targeted at the production
of syngas with suitable H2/CO ratios for the syntheses of fuels or chemicals, depending
on the reforming strategy [4,5]. The CO2 reforming, commonly known as dry reform-
ing (DR), has been proposed as an attractive alternative reforming strategy that allows
the production of useful syngas from bio-oil oxygenates (CnHmOk) while valorizing CO2
simultaneously (Equation (1)), avoiding the excessive side CO2 production when using
the steam reforming (SR) strategy [4]. The reverse water gas shift (r-WGS) reaction also
contributes to the CO2 conversion at high temperatures (reverse Equation (2)). Neverthe-
less, the inherent H2O content in the bio-oil, which varies depending on its origin, also
promotes the SR of oxygenates (Equations (3) and (4)), and thus a combined steam/dry
reforming (CSDR) takes place. Moreover, in the conversion of bio-oil, the decomposi-
tion/cracking of oxygenates into H2, CO, CO2, CH4, hydrocarbons (CaHb), other oxy-
genates (CxHyOz), and carbon (coke) should be considered, as represented by Equation (5).
Therefore, the conversion of CH4 and hydrocarbons by DR (Equations (6) and (7), respec-
tively) and SR (Equations (8) and (9), respectively) also contributes to the overall kinetic
scheme. Likewise, coke formation may be favored by CH4 decomposition (Equation (10)),
hydrocarbon decomposition (Equation (11)), and the CO disproportionation (Boudouard)
reaction (Equation (12)), whereas its gasification may occur with steam (Equation (13)) or
CO2 (reverse Equation (12)). Consequently, the co-feeding of CO2 is expected to favor
coke removal.

CnHmOk + xCO2 → (n + x)CO + (m/2 − (x + k − n))H2 + (x + k − n)H2O (1)

CO + H2O↔ CO2 + H2 (2)

CnHmOk + (n − k)H2O→ nCO + (n + m/2 − k)H2 (3)

CnHmOk + (2n − k)H2O→ nCO2 + (2n + m/2 − k)H2 (4)

CnHmOk → CxHyOz + (CO, CO2, CH4, CaHb, H2) + C(coke) (5)

CH4 + CO2 ↔ 2CO + 2H2 (6)

CaHb + aCO2 ↔ (2a)CO + (b/2)H2 (7)

CH4 + H2O↔ CO + H2 (8)

CaHb + aH2O↔ aCO + (a + b/2)H2 (9)

CH4 → 2H2 + C (10)

CaHb → (b/2)H2 + aC (11)

2CO↔ C + CO2 (12)
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C + H2O→ CO + H2 (13)

The catalysts for bio-oil reforming are commonly based on non-noble or noble metals,
or bimetallic compositions [6–11]. Nevertheless, the CSDR of real bio-oil has been scarcely
studied experimentally on Ni catalysts (non-noble metal catalysts) [12–14], showing promis-
ing results, and no studies with a noble metal catalyst have been reported so far. However,
it could be hypothesized that the use of noble metal catalysts, such as Rh catalysts, may
improve the performance of Ni catalysts grounded in previous studies reporting a remark-
able activity for the H2/syngas production from real bio-oil by conventional SR [15,16],
oxidative SR (OSR) [17–19], and sequential cracking [20,21]. Likewise, Rh catalysts have
been successfully used in the DR of CH4 [22–24] and ethanol [25], whose results may be
extrapolated to the case of bio-oil, in particular due to the role of CH4 as a reaction inter-
mediate in bio-oil reforming. The advantage of noble metal catalysts relies on their high
dehydrogenation and oxidation capacities, which are translated into high yields of H2 and
CO/CO2 without CH4 production (CH4 is converted) and low coke formation, preventing
catalyst deactivation. Additionally, Rh sites may also adsorb and dissociate CO2, which
is a paramount step in DR reactions [26]. Likewise, catalyst support may play a role in
the catalysis by providing acidic or basic sites, hydrophilicity, or oxygen mobility [22]. For
example, the use of CeO2, TiO2, and ZrO2 provides the latter features enhancing H2O or
CO2 adsorption and dissociation generating OH or CO species facilitating their conversions,
which would globally enhance the performance of the bio-oil CSDR. Kartavova et al. [27]
highlight the importance of the support on the surface distribution and crystal size of Rh in
the catalysts used in the cyclohexane ring opening reaction. CeO2 is an interesting support
because of its oxygen storage and mobility capacity due to the fast Ce4+/Ce3+ redox cycling.
Its limited thermal stability is improved by the formation of the CexZr1−xO2 solid solution,
with excellent performance as a support for chromium oxide in the dehydrogenation of
propane with CO2 [28].

In spite of the high activity of Rh catalysts, reversible and irreversible deactivation
has been observed in the OSR and SR of bio-oil [19,29,30]. The reversible deactivation
is associated with the formation and deposition of coke encapsulating the active sites,
whereas the irreversible deactivation has been related to irreversible structural changes in
the catalyst due to the harsh reaction conditions (high temperature and presence of steam).
These changes mainly involve the aging of the support partially occluding Rh sites and
possible changes in the Rh structure. Likewise, Rh sintering is a cause of deactivation at
750 ◦C in the OSR bio-oil [19]. In other catalytic systems for different applications, it has
been found that Rh catalysts are irreversibly deactivated by the partial encapsulation of Rh
nanoparticles by CeO2 [31,32], which has also been reported for various noble metals [33].
In the case of reforming strategies, it is believed that high steam concentrations may favor
this phenomenon of irreversible deactivation of Rh catalysts, which represents a drawback
of using these catalysts.

In this work, we have studied the performance of a commercial catalyst made of Rh
supported on zirconium-doped ceria (Rh/ZDC) for the CSDR of a real bio-oil targeted at
syngas production, with focus on its activity, deactivation, and regeneration capacity. It is
expected that the low steam concentration in the CSDR strategy lessens the phenomenon
of irreversible deactivation. As previously mentioned, the novelty of this work is stressed
by the use of a noble metal catalyst for this process with a feed of real bio-oil, with a
formulation that is expected to enhance the CSDR performance. The bio-oil CSDR tests
were carried out in a fluidized bed reactor at 700 ◦C, comprising a reaction/regeneration
cycle. To investigate the causes of deactivation, the fresh, deactivated, and regenerated
catalyst samples have been analyzed by means of temperature-programmed reduction
(H2-TPR), N2 physisorption, temperature-programmed oxidation (TPO), X-ray diffraction
(XRD), scanning electron microscopy (SEM), and transmission electron microscopy (TEM).
The discussion of the results is aimed at understanding the reversibility and irreversibility
of catalyst deactivation.
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2. Results

The results are divided in three main subsections. The first one summarizes the
findings for the performance of the Rh/ZDC catalyst in the CSDR of bio-oil at 700 ◦C
considering the operation in reaction–regeneration cycles and a comparison with the
conventional SR of bio-oil at the same conditions. The second one collects the data obtained
from the characterization of the fresh and spent catalysts by using different techniques in
order to shed light on the carbon formation that causes a reversible catalyst deactivation.
The last subsection explores the reasons for the irreversible catalyst deactivation observed
for the regenerated catalyst, based on the analysis of the Rh sites by H2-TPR measurements.

2.1. Performance of the Rh Catalyst in Bio-Oil Reforming

Figure 1 shows the performance of the Rh/ZDC catalyst in the CSDR of bio-oil at
700 ◦C in two successive reactions with a catalyst regeneration in between. The performance
is analyzed in terms of the evolution over time on stream of the product yields (Figure 1a
for the reaction with fresh catalyst (first reaction) and Figure 1c for the reaction with the
regenerated catalyst (second reaction)) and syngas yield or H2/CO ratio (Figure 1b and
Figure 1d for the first and second reactions, respectively). In these data, the oxygenate
conversion is estimated as the total yield of the carbon gaseous products (sum of all
carbonaceous products after subtracting the molar flow rate of CO2 in the feed), since the
estimated coke content and yield are very low according to the TPO analysis shown in the
next subsection.
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Figure 1. Performance of the Rh/ZDC catalyst in the CSDR of bio-oil at 700 ◦C, CO2/H2O/C ratio
of 0.6/0.5/1, space time (referred to the mass flow of oxygenates in the bio-oil), and 0.125 gcatalyst h
(goxygenates)−1: Evolution of the conversion and product yields over time on stream for (a) the fresh
catalyst and (c) the regenerated catalyst; evolution of the syngas yield and H2/CO ratio over time on
stream for (b) the fresh catalyst and (d) the regenerated catalyst.

The initial oxygenate conversion is around 0.77 with the fresh catalyst (Figure 1a).
This low value evidences that the space time used is low to reach an equilibrium state at
these reaction conditions (particularly because of the low S/C ratio), and therefore the
maximum product yields may not have been achieved, although this situation is adequate
to study the catalyst deactivation. In spite of this, the initial yield values of H2 and CO
provide evidence for the high activity of Rh for the bio-oil CSDR, which has also been
demonstrated for the OSR of bio-oil [17–19]. The comparison of the results in Figure 1a,b
with those obtained on a Ni catalyst (Ni/Al2O3 catalyst derived from a NiAl2O4 spinel)
under the same conditions [12] reveals that Rh exhibits notably high activity considering
that less active sites are actually present in the Rh catalyst (2 wt% Rh vs. 36 wt% Ni). Thus,
the initial yield and H2/CO ratio of the syngas are almost 90% and 1.2, respectively, with
this Rh catalyst compared to 92% and 0.9 with the Ni catalyst, and the CO2 conversion
is 22% against 28%. As a comparison, Figure S1 in the Supplementary Materials shows
the results obtained with the Rh/ZDC catalyst at the same conditions as in Figure 1 but
without CO2 co-feeding (that is, under SR conditions with a low S/C ratio of 0.5). When
comparing the SR and CSDR strategies, a slightly higher oxygenate conversion is observed
in the SR reaction (around 80%, Figure S1a) than in the CSDR reaction (Figure 1a). The
main difference between both reforming strategies is the increase in the CO yield in the
CSDR reaction (from 62% in Figure S1a to 85% in Figure 1a), hence yielding slightly more
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syngas (near 90% in CSDR reaction, compared to 80% in SR reaction) with a H2/CO ratio of
about 1.2 (Figure 1b) in comparison to a H2/CO ratio of 2 for the SR strategy (Figure S1b).

The product distribution (H2, CO, CO2, CH4, and hydrocarbons) observed may be
explained considering the DR (Equation (1)) and SR (Equations (3) and (4)) of oxygenates,
as well as the catalytic cracking of oxygenates (Equation (5)), as the dominant routes at this
high temperature, generating H2 and various gaseous intermediates (CO, CO2, CH4 and
hydrocarbons). Then, the SR or DR of CH4 and hydrocarbons (Equations (6)–(9)) generates
CO and H2, and the CO2 may be transformed into CO and H2O by the r-WGS reaction
(reverse Equation (2)), which is thermodynamically favored at this high temperature
and low S/C ratio [4,5]. In spite of its high catalytic activity, the Rh catalyst undergoes
deactivation during both the CSDR and SR reactions, which is clearly evidenced by the
drop of the H2 and CO yields over time on stream (Figure 1a,b). The activity decay must
be mainly attributed to coke formation, which may proceed through the decomposition
of oxygenates (Equation (5)), CH4 (Equation (10)), and hydrocarbons (Equation (11)),
considering the high temperature (700 ◦C) and low S/C ratio employed [2]. Simultaneously,
coke gasification may take place with CO2 (reverse Equation (12)) or steam (Equation (13)).

Curiously, the evolution of the product yields draws five well-distinguished periods,
as has also been observed in the OSR and SR of bio-oil with the same catalyst [19,29] and
in Figure S1. Thus, for the CSDR strategy, the first period (around 125 min) shows a quite
stable behavior of the catalyst, with high oxygenate conversion and complete conversion
of intermediates, CH4, and hydrocarbons, by SR or DR reactions, generating the highest
H2 and CO yields with the maximum CO2 conversion boosted by the r-WGS reaction. The
second period (~125–175 min) shows a decrease in the H2 and CO yields and in the CO2
conversion and an increase in the CH4 yield, indicating the selective deactivation of the
catalyst for the SR or DR of CH4 and the r-WGS reaction. The third period (~175–225 min)
describes a pseudo steady state where the conversion of hydrocarbons by SR and DR reac-
tions remains complete. Subsequently, in the fourth period (~225–275 min), the complete
catalyst deactivation for the SR and DR reactions of hydrocarbons and oxygenates occurs,
evidenced by the sharp decrease in the oxygenate conversion and the H2 and CO yields
and increase in the hydrocarbon yield. In this period, the CO2 conversion falls to negative
values, reaching a minimum and then increasing up to zero, which is translated into a max-
imum for the CO2 yield, which suggests a selective deactivation of the DR of hydrocarbons
over their SR reaction. The fifth period (above 275 min) presumably corresponds to the
yields obtained in the thermal reaction of the bio-oil oxygenates in the presence of both
steam and CO2. Consequently, the syngas yield decreases over time following the same
trend of these five periods (Figure 1b), whereas the H2/CO ratio is almost constant during
the first two periods, slightly increases in the third period, and decays noticeably in the
fourth period when the catalyst undergoes complete deactivation.

These periods are also observed in the SR of bio-oil (Figure S1), but in this case CO2
is only a product. Particularly, the CO2 yield increases during the second period (partial
deactivation for CH4 conversion) and keeps a higher stable value in the third period in
comparison with the first period. This result suggests that the r-WGS reaction (which is
thermodynamically favored in these reaction conditions) is also affected by deactivation in
the second period. This behavior can also be observed in the CSDR reaction (Figure 1a),
though the CO2 yield values are negative. Strikingly, the H2/CO ratio evolution follows a
trend similar to that of the CO2 yield, which confirms the partial catalyst deactivation for
the r-WGS reaction in the second period.

After the CSDR reaction with the fresh catalyst (Figure 1a), the spent catalyst was
regenerated in situ (in the reactor) by coke combustion with air at 600 ◦C and subsequent
reduction in a H2/N2 flow at 700 ◦C. Upon regeneration (Figure 1c), the catalyst does
not fully recover its initial activity, which is particularly evidenced by the absence of two
different deactivation periods described above. In turn, the reaction with the regenerated
catalyst initiates at a stable period in which hydrocarbons are fully converted by SR or
DR reactions, whereas CH4 is not converted (third period in Figure 1a), followed by the
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complete catalyst deactivation (fourth period in Figure 1a). The syngas yield (Figure 1d)
is initially stable and then decreases over time on stream as described by the third and
fourth periods in Figure 1b, and the H2/CO ratio also slightly increases and then decreases
following the trend described by the CO2 yield. This evidences that the Rh/ZDC catalyst
undergoes both reversible and irreversible deactivation. The former is due to the deposition
of coke so that the catalyst partially recovers its reforming activity after regeneration. The
latter is presumably associated with irreversible changes in the catalyst structure or metal
sites. In the following sections, we further investigate the causes of both deactivation
phenomena by analyzing the spent catalyst from each reaction test.

2.2. Chacaractarization of Deactivated Catalyst Samples

The coke formed and deposited on the catalyst during each reaction was analyzed by
TPO, SEM, and TEM in order to determine its amount and/or nature. Additionally, N2
physisorption was also employed to analyze the effect of coke deposition on the catalyst
textural properties. The possible changes in the crystalline structure of the deactivated
catalyst were analyzed by XRD analysis. Finally, the H2-TPR profiles of the fresh and
regenerated catalyst were compared to analyze the Rh sites. In general, the spent catalyst
samples are identified with reference to their reaction test: CSDR-1 for the first CSDR
reaction (with the fresh catalyst) and CSDR-2 for the second CSDR reaction (with the
regenerated catalyst).

2.2.1. Coke Formation

Figure 2 shows the TPO profiles for the spent catalyst samples, in which the peaks are
associated with the combustion of coke. The corresponding coke content (determined by
integration of each curve) is indicated next to each profile. The TPO profiles are noticeably
different for the two samples, showing combustion peaks centered at different temperatures.
The CSDR-1 sample shows two separate peaks centered at 300 and 400 ◦C, and the CSDR-2
sample shows two overlapping peaks that are approximately centered at 415 and 430 ◦C.
Likewise, the coke content is significantly lower in the CSDR-1 sample (93.6 mg g−1) than in
the CSDR-2 sample (302 mg g−1). The temperature position of the combustion peaks may be
related to the nature of carbon and to the possible catalytic effect of the catalyst components
on the carbon combustion. Thus, the peaks at lower temperatures can be associated with
the combustion of poorly developed coke (amorphous carbon, most probably encapsulating
Rh sites) and the peaks at higher temperatures are associated with structured coke (carbon
nanostructures or turbostratic/graphite carbon) [34,35]. Additionally, both Ce (in the
ZDC support) and Rh species can catalyze the carbon combustion [36], which results in
combustion peaks at lower temperature than those obtained for Ni catalysts in different
bio-oil reforming strategies [12,17,37].

Figure 2. TPO profiles of the spent catalyst samples. Coke content is indicated close to each profile.
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To discern the nature of the coke, the two spent catalyst samples have been analyzed
by SEM (with a backscattered electron (BSE) or secondary electron (SE) detector) and
TEM. Figure 3 shows the BSE-SEM images for the fresh and spent catalyst samples, which
provide qualitative information on the degree of coke deposition on the external surface.
Accordingly, the brightness intensity is indicative of the presence of heavy (bright) or light
(dark) elements [2,12,35], and for this case, a high or dense presence of coke on the catalyst
surface is indicated by darker particles since coke contains the lightest element (C) in these
samples in comparison with the catalyst components (Rh, Ce, and Zr). In general, all the
particles exhibit relatively bright intensities similar to those of the fresh catalyst (Figure 3a),
indicating a poor coke deposition on the catalyst surface or the deposition of carbon with
low density, although the CSDR-1 sample also exhibits some dark particles.

Figure 3. BSE-SEM images of the (a) fresh catalyst and spent catalyst samples from the (b) 1st CSDR
reaction (with fresh catalyst) and (c) 2nd CSDR reaction (with regenerated catalyst).

Further, to explore the coke deposition, Figure 4 shows the SE-SEM images at higher
zooms for all the samples. The Rh/ZDC catalyst shows a granular surface typical of porous
materials (in this case the ZDC support), showing some compacted areas. The majority of
the particles in the CSDR-1 sample are bright, even though there are some carbon filaments
on the surface and some granular and compacted areas that may be the surface of the ZDC
support (Figure 4b). The dark particles in the CSDR-1 sample show an abundant presence
of carbon filaments (Figure 4c). On the other hand, the CSDR-2 sample shows a smooth
granular-like surface (apparently different from that of the catalyst support) with some
carbon filaments (Figure 4d), and when this surface is zoomed in upon (Figure 4e), it seems
to be a blend of an amorphous mass of carbon with some nanotubes trapped in it.
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Figure 4. SE-SEM images of the (a) fresh catalyst and spent catalyst samples from the (b,c) 1st CSDR
reaction (with fresh catalyst) and (d,e) 2nd CSDR reaction (with regenerated catalyst).

TEM has been useful to confirm the presence of these carbon types as shown in
Figure 5, from which it should be considered that only tiny fragments of the samples can be
analyzed without distinguishing between the external/internal surface of the particle. The
Rh/ZDC catalyst shows grains of different grey tones, with the darker ones presumably
being Rh crystals as this is the densest catalyst component. The CSDR-1 sample shows
the presence of both carbon filaments (Figure 5b) and amorphous/turbostratic carbon
encapsulating the catalyst components (Figure 5c). On the other hand, the CSDR-2 sample
barely shows a mass of carbon covering the catalyst components in spite of having the
highest coke content. The difficulty to observe the carbon on this latter sample is perhaps
due to its nature, apparently a thin layer of carbon mass covering the entire surface evenly,
as well as the limitation of the technique to analyze this type of solid.
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Figure 5. TEM images of the (a) fresh catalyst and spent catalyst samples from the (b,c) 1st CSDR
reaction (with fresh catalyst) and (d) 2nd CSDR reaction (with regenerated catalyst).

The textural properties of the fresh and spent catalyst samples (Table 1) evidence the
impact of coke deposition. The formation of both carbon filaments and amorphous carbon
in the CSDR reaction with the fresh catalyst (CSDR-1 sample) causes the BET surface area
to decrease by 33%, with a strong impact on the microporous surface area and on the
volume, which both decrease by about 62%. On the other hand, the formation of a blend
of amorphous/turbostratic carbon and small carbon filaments in the CSDR reaction with
the regenerated catalyst (CSDR-2 sample) causes a strong decrease in the BET surface area
(about 74%) and in the total volume of pores (by 83%) without affecting the microporous
surface area. This suggests that in the reaction with the fresh catalyst, the amorphous
carbon may be deposited on the microporous surface, whereas all the carbon is deposited
on the external surface of the catalyst particles in the reaction with the regenerated catalyst.
It should be noted that the reduced specific surface is a notable limitation of the CeO2
support, as pointed out in the literature [28], and it is more pronounced in this reaction due
to coke deposition.

Table 1. Textural properties of fresh, spent, and regenerated Rh/ZDC catalyst samples.

Sample SBET
(m2 g−1)

Smicro
(m2 g−1)

Vpore
(cm3 g−1)

Vmicro
(cm3 g−1)

dpore
(nm)

Fresh 57.5 2.17 0.24 1.31 × 10−3 17.0
CSDR-1 38.4 0.82 0.15 0.49 × 10−3 15.9
CSDR-2 14.8 2.16 0.04 0.85 × 10−3 10.9

1st regeneration (CSDR-1) 39.6 2.16 0.20 1.00 × 10−3 20.2
SBET = BET specific surface area; Smicro = microporous specific surface area; Vpore = specific volume of pores;
Vmicro = specific volume of micropores; dpore = average pore diameter.
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2.2.2. Characterization of Catalyst Structure and Rh Sites

The XRD analysis of the fresh and spent catalyst samples (Figure 6) evidences no
changes in the crystalline properties of the ZDC support, as all the diffraction peaks
observed are similar among all the samples and correspond to the ZDC structure [38]. No
diffraction peaks are observed for Rh species, since the Rh content is low (2 wt%) and it is
most probably well dispersed on the support. Likewise, the formation of crystalline carbon
is not evidenced either, as no diffraction peaks are detected for carbon (15–30◦ range),
which may also be due to the low coke content.

Figure 6. XRD patterns of the fresh and spent catalyst samples.

To understand the irreversible catalyst deactivation in the CSDR reaction, the H2-TPR
profiles of the fresh and regenerated catalyst are analyzed (Figure 7), providing insights on
the Rh sites. The reducibility of these sites is related to the interaction between the active
phase and the support, which in the case of Rh is strongly dependent on the properties of
the latter [27]. For the regenerated catalyst, the CSDR-1 sample was subjected to combustion
(TPO) to remove the coke and then to a H2-TPR measurement to observe the reducibility of
Rh species. In general, both H2-TPR profiles are similar, showing a broad reduction peak
between 50 and 125 ◦C and a shoulder between 125 and 200 ◦C, which are similar to the
H2-TPR profiles of Rh catalysts reported in the literature [19,29,39]. To better distinguish
the reduction of different Rh species, the H2-TPR profiles were deconvoluted into three
Gauss bands that correspond to the reduction of three Rh species (identified as Rh-1, Rh-2,
and Rh-3) possibly indicating different interactions with the ZDC support. The Rh-1 and
Rh-2 bands may be associated with the reduction of Rh3+ species on the support [39], likely
having different interactions with the ZDC support (weak/strong interactions). Those
Rh3+ species with a weak support interaction would be reduced easily, and therefore they
would be associated with the Rh-1 band. The Rh-3 band is associated with the reduction of
Rh species strongly interacting with the ZDC support, such as Rh3+ species in the CeO2
lattice [39]. The deconvolution also shows how the relative portions of the different Rh
species change after catalyst regeneration (Figure 7b) in comparison with the fresh catalyst
(Figure 7a). Thus, the fraction of Rh-2 species notably increases after the regeneration,
which may suggest that the Rh3+ species have stronger interactions with the support. This
would support the possible encapsulation of Rh sites, causing a decrease in their activity
(particularly for the CH4 reforming and CO2 conversion).

The textural properties of the regenerated catalyst (Table 1) evidence that the BET
specific surface area is not fully recovered, though the microporous specific surface area is
fully restored after regeneration.
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Figure 7. H2-TPR profiles for the (a) fresh catalyst and (b) regenerated after the 1st CSDR reaction.

3. Discussion

The results in Figure 1 show that the commercial Rh/ZDC catalyst is highly active
for the bio-oil CSDR, though it undergoes reversible and irreversible deactivation. The
reversible deactivation is associated with the coke deposition as demonstrated in other
reforming strategies of a real bio-oil feed using Rh or Ni catalysts [29,40], whereas the
irreversible deactivation is similar to that observed for the OSR and SR of a real bio-oil with
a Rh catalyst, which is associated with irreversible changes in the catalyst structure [19,29].
Thus, the low steam concentration in the bio-oil CSDR (steam is formed from the intrinsic
H2O content in the bio-oil) did not lessen the irreversible deactivation as it was hypothe-
sized. In the present work, we have further observed that the coke formation in the first
reaction (with the fresh catalyst) and second reaction (with the regenerated catalyst) is quite
different, which is a consequence of the irreversible deactivation. The lower activity of the
regenerated catalyst (unable to convert CH4) leads to a faster coke deactivation (Figure 1c)
with a higher coke deposition (three times more than in the reaction with the fresh catalyst)
that promptly blocks all the catalyst surface (as revealed by the low BET surface area of
CSDR-2 sample in Table 1). The analysis of Figures 2–5 and Table 1 evidences that an ap-
parent mass of amorphous carbon combusting at 300 ◦C and carbon filaments combusting
at 400 ◦C are formed in the reaction with the fresh catalyst (CSDR-1 sample), whereas
an apparent blend of amorphous/turbostratic carbon and carbon filaments, covering the
entire catalyst surface and combusting at 415–430 ◦C, is formed in the reaction with the
regenerated catalyst (CSDR-2 sample). The lower temperatures required to combust the
coke in comparison to the expected combustion temperatures for the types of carbons
observed in the bio-oil reforming processes over other catalysts [12,17,37] can be attributed
to the catalytic effect of the Ce and Rh species on the carbon combustion. This effect is
more evident in the coke combustion from the reaction with the fresh catalyst because
the coke deposition causes low blockage of the porous surface (Table 1), enabling good
contact between O2 and the catalyst surface during the combustion. Conversely, the higher
combustion temperature of the coke formed in the reaction with the regenerated catalyst
may be explained by the coke refractoriness and the poor contact between O2 and the
catalytic species during the combustion due to the higher pore blockage (Table 1), lessening
the catalytic effect of Ce and Rh on the carbon combustion.

The irreversible deactivation selectively affects the CH4 reforming reactions (DR and
SR) and also partially the r-WGS reaction, which suggests that the sites that activate CH4
and CO2 are irreversibly modified in a given moment during the reaction with the fresh
catalyst and/or the regeneration process. In resemblance with other works [19,29], the
irreversible deactivation of a similar Rh/ZDC catalyst was detected to occur during the
reaction of the OSR of bio-oil when the catalyst loses its activity for the CH4 conversion. This
deactivation was attributed to the aging of the ZDC support at high temperatures (700 ◦C,
the same temperature used in this work) and presence of steam, which was evidenced by

181



Catalysts 2024, 14, 571

the loss of textural properties and interpreted as a collapse of the narrower pores occluding
some Rh sites. In this present work, we have also evidenced the loss of textural properties
after the catalyst regeneration (Table 1), directly observing an irreversible loss of surface
area and an increase in the average pore size, which may be congruent with the collapse of
some pores. This can also be supported by the observations of the SEM analysis (Figure 5b),
in which an apparent increase in the compacted areas after the reaction with the fresh
catalyst (CSDR-1 sample) can be interpreted as a reduction in the porosity. We have further
analyzed the changes in the Rh sites by H2-TPR (Figure 7), possibly suggesting partial
encapsulation of Rh3+ species with the ZDC support, which apparently reduces the activity
for the bio-oil CSDR process (unable to activate CH4 and CO2). It is worth mentioning
that Rh sintering was not evidenced by the TEM images, since the Rh nanoparticles have
similar sizes for the fresh and spent catalysts. Likewise, Rh sintering is not significant for
this catalyst in the SR of bio-oil at 700 ◦C [29], whereas it starts to be slightly significant
in the OSR of bio-oil at 750 ◦C [19], and therefore we may disregard the occurrence of Rh
sintering in the bio-oil CSDR at 700 ◦C.

It is not straightforward to attribute the irreversible deactivation of this catalyst to the
irreversible modifications of a sole catalyst component (either the metal (Rh) or the support
(ZDC)). Focusing on Rh, the existence of this irreversible deactivation selectively affecting
the CH4 reforming was also observed in the SR of bio-oil over two different Rh catalysts,
one supported on La2O3–αAl2O3 (Rh/LaAl) and another on ZDC (the one used in this
work, Rh/ZDC), as shown in Figures S2 and S3 (Supplementary Materials) [30]. Both
catalysts showed the deactivation periods observed for the bio-oil CSDR in this present
work, with the Rh/LaAl catalyst being more stable than the Rh/ZDC catalyst in the SR
reaction with each fresh catalyst. Nevertheless, the Rh/LaAl catalyst suffers a more severe
irreversible deactivation than the commercial Rh/ZDC catalyst, evidenced by the shorter
duration of the initial stable period in the SR reactions with the regenerated catalysts. This
comparison suggests that the irreversible deactivation observed in the reforming of bio-oil
may also be an intrinsic characteristic of Rh regardless of the support.

Regarding the support, the role of CeO2 in the catalyst deactivation can be explained
by various phenomena. Primarily, it is important to consider that the CeO2 structure
may collapse when subject to high temperature treatments causing the loss of surface
area [41,42], which is one of the observations of our present work, and it has been in-
terpreted to cause an occlusion of Rh sites. However, another close effect would be the
phenomenon of encapsulation of noble metals by CeO2 at high temperatures, which is
recognized as a cause of irreversible deactivation [31–33]. The possible encapsulation of Rh
sites may be evidenced by the increase in the interaction between Rh sites and the ZDC
support as demonstrated by the H2-TPR analysis in this present work. Curiously, this phe-
nomenon is a method for catalyst preparation [43], yet it requires the metal does not lose its
catalytic properties. Nevertheless, our results suggest that the Rh sites may be irreversibly
modified and partially lose their catalytic properties when they are encapsulated by ZDC
support. Considering that Rh sites have specific surfaces that are active for the CH4 or CO2
activation [44], this partial irreversible activity loss may occur through a simple preferential
encapsulation of CeO2 on the Rh surfaces that are active for the CH4 and CO2 activations,
leading to the irreversible blockage of those specific active sites. Another possibility is a
modification of the Rh crystallographic properties, thus changing the Rh active surfaces.
For example, the loss of activity for the CO2 methanation with a Ni/CeO2 catalyst was
attributed to the modification of Ni nanocrystals from hexagons to quasi-spheres upon
partial encapsulation by CeO2 [45]. As previously commented, this encapsulation and
modification of Rh sites would occur in the first period of the reaction with the fresh catalyst
and therefore is favored under reaction conditions (presence of various reactant species)
as the previous reduction treatment (with H2) seems not to have a significant effect on
the Rh sites. Moreover, the modification of the temperature of catalyst regeneration by
coke combustion will require detailed studies, as it cannot be ruled out that the catalyst
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sintering will be affected by the generation of hot spots (favored by the oxidizing activity
of the catalyst).

4. Materials and Methods

The Rh supported on zirconium-doped ceria (Rh/ZDC) catalyst, with 2 wt% Rh,
was supplied by Fuel Cell Materials. The catalyst samples (fresh, spent, and regenerated)
were analyzed using N2 physisorption, temperature-programmed reduction (H2-TPR),
temperature-programmed oxidation (TPO), scanning electron microscopy (SEM) using
backscattered electron (BSE) or secondary electron (SE) detectors, transmission electron
microscopy (TEM), or X-ray diffraction (XRD).

The N2 physisorption equilibria measurements were carried out in Micromeritics
ASAP 2010 analyzer at 77 K, and the data were treated with the BET, t-plot, and BJH
methods to determine the specific surface area, volume, and average pore diameter. The
H2-TPR was performed in a TA Instruments SDT 650 thermogravimetric analyzer, and the
procedure consisted of reducing in a H2/Ar/N2 flow (100 mL min−1) while increasing the
temperature at 5 ◦C min−1 from 25 ◦C to 700 ◦C. Prior to the reduction, the deposited coke
was removed by combustion in an O2/N2 flow at 700 ◦C. The TPO measurements were
carried out in a thermogravimetric analyzer (TA Instruments, Q5000, New Castle, DE, USA)
coupled with a mass spectrometer (Balzers Instruments, ThermoStar GSD 300, Balzers,
Liechtenstein) for monitoring the CO2 signal, and the procedure consisted of heating up
the sample at 5 ◦C min−1 up to 700 ◦C in a O2/N2 flow. The SEM images were collected
with a field emission gun scanning electron microscope (Hitachi, S-4800 N, Santa Clara,
CA, USA) with an accelerating voltage of 5 kV and a SE detector, and a microscope with
an accelerating voltage of 15 kV using a BSE detector (Hitachi, S-3400N, Santa Clara, CA,
USA). For the TEM analysis, the samples were crushed and dispersed in ethanol and a
drop of the dispersion was placed on a grid covered with a carbon film, and, after allowing
to dry, the TEM images were obtained with a transmission electron microscope (JEOL,
1400 Plus, Tokyo, Japan) using an accelerating voltage of 100 kV. The XRD patterns were
carried out in a Bruker D8 Advance diffractometer (Tokyo, Japan) with a Cu Kα1 radiation
(wavelength of 1.5406 Å) corresponding to an X-ray tube with a Cu anticathode.

The bio-oil was supplied by BTG Bioliquids BV (Enschede, The Netherlands) and
was obtained by flash pyrolysis of pine sawdust in a plant provided with a conical rota-
tory reactor. The chemical composition was determined by gas chromatography/mass
spectrometry analysis (Shimadzu, GC/MS-QP2010S, Carlsbad, CA, USA) provided with a
BPX-5 column (length of 50 m, diameter of 0.22 m and thickness of 0.25 µm) and a mass
selective detector. The identification of the compounds was carried out by comparison
with the pattern spectra available in the NIST 147 and NIST 27 libraries. The detailed
composition is described elsewhere [46], mainly containing acetic acid (16.6 wt%), levoglu-
cosane (11.1 wt%), guaiacol (11.1 wt%), and acetol (9.4 wt%). The water content (23 wt%)
was determined by Karl Fischer volumetric valorization (Metrohm, KF Titrino Plus 870,
Herisau, Switzerland). The empirical formula (C3.9H6.9O2.9) was obtained by CHO analysis
in a Leco CHN-932 analyzer (water-free basis).

The SR and CSDR reaction tests were carried out in a continuous two-unit reaction
equipment (MicroActivity Reference from PID Eng&Tech, Madrid, Spain) as described
elsewhere [12]. The first unit is a U-shaped steel tube for the vaporization of bio-oil and
the controlled deposition of pyrolytic lignin (PL) formed by repolymerization of some
oxygenates (mainly phenolic compounds) during the vaporization of bio-oil at 500 ◦C [47].
The vaporized oxygenates enter the second unit, consisting of a stainless steel fluidized bed
reactor. The reaction components (H2, CO, CO2, H2O, CH4, light hydrocarbons C2–C4) were
analyzed by gas chromatography (Varian CP-490 Micro GC with three chromatographic
columns, described elsewhere [48]) connected to the reactor through an insulated line
(130 ◦C) to avoid condensation. The bio-oil was fed at 0.06 mL min−1 by using a Harvard
Apparatus 22 injection pump and was mixed with CO2 and/or N2 at the entrance of the
first unit. The catalyst was mixed with SiC to provide a minimum height/diameter ratio
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of 2 in the reactor and to improve the heat dissipation. The space time was defined as the
ratio between the catalyst mass and mass flow rate of oxygenates in the bio-oil, and the
value was set at 0.125 gcatalyst h (goxygenates)−1. This low value is adequate for the study of
catalyst deactivation in a short reaction time, which is required to avoid the plugging of the
first unit (for bio-oil vaporization) by accumulation of the PL. All the reaction tests were
carried out at 700 ◦C. Prior to each reaction, the catalyst was reduced in the reactor itself
at 700 ◦C under H2/N2 flow (10% H2). For the SR reaction, bio-oil was only mixed with
N2, and the S/C ratio is that provided by the H2O content in the bio-oil (S/C = 0.5). For
the CSDR reaction, the bio-oil was mixed with both CO2 and N2, with a CO2/C ratio of
0.6 and S/C ratio of 0.5 (provided by the H2O content in the bio-oil). N2 was used as an
internal pattern and the flow rates of the reaction components were calculated using the
chromatographic data. The deactivated catalyst was regenerated in the reactor itself by
coke combustion in air stream (100 mL min−1) at 600 ◦C for 4 h, which assured total coke
removal. A second reaction was performed with the regenerated catalyst under the same
conditions as the first reaction to analyze the activity recovery.

The yields of products (Equations (14)–(17)) were calculated referring to the moles
of C contained in the bio-oil, rather than the total carbon supplied (from both the bio-
oil and CO2) [5,12], which helps to relate the yields to the conversion of oxygenates in
the bio-oil. Consequently, in the calculation of the CO2 yield, it is necessary to substract
the moles of CO2 fed with the bio-oil to avoid overestimating its yield relative to the
oxygenates supplied.

YH2 =
FH2,out

F0H2
(14)

Yi =
Fi,out

FC,in
for i = CO, CH4, hydrocarbons (15)

YCO2 =
FCO2,out − FCO2,in

FC,in
(16)

Ysyngas =
FH2,out + FCO,out

F0syngas
(17)

In the above equations, FH2,out is the molar flow rate of H2 in the outlet stream, Fi,out is
the molar flow rate in C basis of the carbonaceous products (except CO2) in the outlet stream,
FC,in is the molar flow rate of oxygenates in C basis in the inlet stream (subtracting the C
deposited as PL), FCO2,out and FCO2,in are the molar flow rate of CO2 in the reactor outlet and
inlet, respectively, and FCO,out is the molar flow rate of CO in the outlet stream. Additionally,
F0

H2 and F0
syngas are the stoichiometric amounts of H2 and syngas, respectively, that would

be formed per mole of C in the oxygenate feed in the SR reaction, which, according to the
stoichiometry of Equations (4) (for H2) and (3) (for syngas), are:

F0
H2 = F0

syngas =
2n + m

2 − k
n

FC,in, (18)

where n, m, and k are the atoms in the generic empirical formula for oxygenates (CnHmOk).
The CO2 conversion was calculated as:

XCO2 =
FCO2,in − FCO2,out

FCO2,in
, (19)

The conversion of oxygenates entering the reforming reactor is estimated by the total
yield of carbonaceous gas products

Xoxygenates =
FC, out − FCO2,in

Fin
= ∑ Yi (20)
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where FC,out is the total molar flow rate in C basis of the gas carbon products in the outlet
stream. The above definition can be used when the coke deposition is low and therefore
the coke yield can be considered negligible (as occurs in the conditions of this study).

5. Conclusions

The Rh/ZDC catalyst is highly active for the combined steam/dry reforming of bio-oil,
producing a syngas yield close to 90% with a H2/CO ratio of 1.2 (suitable for synthesis of
useful chemicals) at 700 ◦C with CO2/CO ratio of 0.6, S/C ratio of 0.5 (as a result of the
water content in the bio-oil), and low space time of 0.125 gcatalyst h (goxygenates)−1. However,
it undergoes deactivation, evidenced by the decrease in syngas yields over time on stream
in two well-distinguished deactivation periods. The first deactivation period involves the
complete loss of activity for CH4 reforming reactions (both SR or DR) and partially for
the r-WGS reaction. The second period leads to the complete catalyst deactivation for the
reforming of oxygenates and hydrocarbons. The first period corresponds to an irreversible
deactivation, and, therefore, it is not observed after catalyst regeneration, whereas the
second period is a reversible deactivation, as the activity of the catalyst at the beginning of
this period is recovered after the regeneration of the catalyst.

The reversible deactivation is associated with the formation and deposition of coke
blocking access to the active sites, and its removal by combustion allows for the catalyst to
partially recover its activity. The irreversible catalyst deactivation is generated by changes
to the Rh sites and to the textural properties of the ZDC support. Thus, the regenerated
catalyst does not recover the specific surface area, which is probably a consequence of the
collapse of some pores due to the high temperatures during the reaction and regeneration.
Likewise, the H2-TPR of the regenerated catalyst evidences a change in the Rh species,
increasing those with high interactions with the support, which possibly suggests the
partial encapsulation of Rh sites by CeO2.

This work corroborates the irreversible deactivation of Rh catalysts for different re-
forming strategies of complex feeds, such as bio-oil, which has also been observed for
other Rh supported catalysts. Thus, although Rh catalysts are very active, their use for
bio-oil reforming may not be practical because they might not meet the need for a good
regeneration capacity due to irreversible deactivation.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/catal14090571/s1, Figure S1: Performance of the Rh/ZDC
catalyst in the SR of bio-oil at 700 ◦C, H2O/C ratio of 0.5/1, and space time of 0.125 gcatalyst h
(goxygenates)−1: (a) Evolution of the product yields over time on stream; (b) evolution of the syngas
yield and H2/CO ratio over time on stream; Figure S2: Evolution with time on stream (TOS) of
bio-oil conversion and H2 yield in two reaction steps of raw bio-oil SR with intermediate regen-
eration (coke combustion with air) over Rh catalysts supported on zirconia-doped ceria (ZDC) or
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Abstract: To investigate the influence of Ag and the loading of Ni species, Ni-Ag type catalysts
were synthesized with varying Ni/Ag ratios (1, 1.5 and 2) using the coprecipitation method. The
catalysts were extensively characterized using various techniques such as TG-DSC-SM, XRD, ICP,
BET, SEM-EDX and TPR and subsequently tested in the CH4/CO2 reaction without any pretreatment.
Regardless of the ratio employed, a phase mixture containing NiO and Ag was observed after
calcination under air between 600 ◦C and 1200 ◦C. SEM analysis confirmed the presence of a close
interface between Ag and NiO. The specific surface area was found to be significantly higher for
the catalyst with lower Ni content (R = 1). TPR analysis demonstrated that the inclusion of Ag
facilitated the reduction of Ni at lower temperatures. XRD analyses of the spent catalyst confirmed
catalyst reduction during the reaction. Among the samples, a catalyst with Ni/Ag = 1 exhibited
superior catalytic activity without any pretreatment under a reduction atmosphere, in which case the
conversions of methane and CO2 at 650 ◦C amounted to 38 and 45 mol%, respectively, with H2/CO
= 0.7 and 71 mol% of H2. The presence of Ag species enhances the stability of the Ni catalyst and
improves catalytic performance in the dry reforming of methane.

Keywords: H2 production; CO2 reforming; CH4; Ni-Ag catalyst; nickel loading

1. Introduction

Recently, there has been significant attention given to the issue of global warming
caused by the greenhouse effect. This has led to increased attention on reducing and
utilizing greenhouse gases like carbon dioxide and methane. One promising approach
is the catalytic reforming of methane with carbon dioxide, called DRM (dry reforming
of methane), to produce synthesis gas which is traditionally obtained through the steam
reforming of methane [1]. DRM, a reaction first proposed by Fischer and Tropsch in 1928, is
a suggested alternative to steam reforming [2] and its relevance will only grow over time [3].
The reforming of CH4 with CO2 offers several advantages, including the production of
synthesis gas [4–7] with a lower hydrogen-to-carbon monoxide ratio and higher energy
efficiency for hydrocarbon conversion [8–10]. Indeed, compared with commercial methane
steam reforming (MSR) process that produces syngas with H2/CO ratio of 3 [11]. In prac-
tice, for MSR processes, it is common to use an O/C (oxygen/carbon) ratio higher than 3
to prevent coke deposition. However, this approach comes with an energy penalty due to
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the need to heat an excessive amount of steam to approximately 800 ◦C. Additionally, the
process of MSR encounters challenges related to corrosion and necessitates the inclusion of
a desulfurization unit, as highlighted by Djinović et al. [12]. Furthermore, the DRM process
offers cost advantages compared to other methods due to its ability to bypass the complex
gas separation of products [13]. Despite the attractive incentives of carbon dioxide reform-
ing of methane, there is currently no established industrial technology for this process. The
formation of carbon deposits quickly deactivates conventional reforming catalysts, due
to its endothermic nature [8,14]. Effectively, in comparison to steam reforming, the dry
reforming of methane is recognized as the most highly endothermic reaction. This can be
attributed to the fundamental difference in the oxidizing agents employed: CO2, used in
DRM, is inherently more stable compared to steam, which is utilized in SRM [15–19].

It is well known that the C-H bond in CH4 is difficult to activate [20,21], while CO2 is
the utmost oxidized state of carbon, which is also very stable [22,23]. The co-activation of
both the C-H bond in CH4 and the C-O bond in CO2 faced challenging difficulties. Further-
more, because of the thermodynamics limitation, DRM reaction was usually performed at
high temperatures [24–28].

The reactions involved in DRM are listed in Table 1. Reaction (1) represents the DRM
reactions involved in the formation of syngas with an H2/CO ratio of 1:1. The main DRM
reaction is favored at temperatures above 727 ◦C. However, if the reverse water–gas shift
(RWGS) (reaction (2)) occurs simultaneously with the DRM reaction, it can lead to a decrease
in the H2/CO ratio. Instead of the RWGS reaction, other side reactions can occur in DRM,
depending on the reaction conditions and feed ratio used. These side reactions include
oxidative coupling of methane, dehydrogenation of ethane, hydrogenation of CO and CO2
to ethanol, CO and CO2 methanation and more. Carbon formation can occur through
reactions 3, 4, 5 and 6. In summary, reaction 3 is dominant at higher temperatures (>600 ◦C),
while the other three reactions (4, 5 and 6) tend to be more dominant at lower temperatures
(<600 ◦C) as they are exothermic reactions [8,29,30]. The high temperatures typically result
in rapid catalyst deactivation. The main factors contributing to this deactivation are the
sintering of the active metal and the accumulation of stable carbon deposits [31]. The
different pathways of coke formation mentioned can be understood through CHO ternary
diagrams, showing that graphitic carbon formation is thermodynamically favored under
complete dry reforming conditions. However, alternative carbons such as amorphous and
filamentous carbon may also form, although they are less thermodynamically preferred [32].

Table 1. Reactions in DRM [29].

N◦ Reaction Name Reaction Equation ∆H298K (kJ/mol)

Main reaction
1 Dry reforming of CH4 CH4 + CO2 ↔ 2CO + 2H2 +247

Side reactions
2 Reverse water–gas shift CO2 + H2 ↔ CO + H2O +41
3 Decomposition of CH4 CH4 ↔ C + 2H2 +75
4 Disproportionation of CO 2CO↔ C + CO2 −172
5 Hydrogenation of CO2 CO2 + 2H2 ↔ C + 2H2O −90
6 Hydrogenation of CO CO + H2 ↔ C + H2O −131

Considering the unavoidable thermodynamic carbon formation at high temperatures,
the most promising approach to enhance catalyst stability might involve implementing a
kinetic control strategy, such as designing a catalyst that minimizes carbon formation [8].
Catalysts based on noble metals such as Ru and Rh have demonstrated the highest catalytic
activity and resistance to carbon deposition [8,33,34]. Nickel catalysts offer a promising
alternative to noble metals, serving as effective catalysts for carbon dioxide reforming [35].
They exhibit a favorable combination of performance and cost, making them a focus of
extensive research for the development of new and enhanced catalytic systems at a relatively
lower cost. Coke formation and sintering of catalyst are the primary causes of catalyst
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deactivation that could lead to the low conversion of reactant [36]. Various strategies have
been employed to inhibit sintering and coke formation. These include the deposition of
nickel on a support (SiO2 [37], Al2O3 [38] or MgO [39]), incorporating the active phase
into well-defined structures, such as spinel [40–42], perovskite [43,44], pyrochlore [45] or
hydrotalcite [46], and using a second metal as a promoter [47,48] to enhance the dispersion
of metal particles on the catalyst surface. The incorporation of promoters enhances the
system’s robustness [3]. Among these metal promoters, silver has been found to exhibit
desirable properties for resisting coke formation in alkane reforming reactions, as reported
in references [49,50].

The utilization of Ag as a promoter has been proposed by Van et al. [49], demonstrating
its ability to enhance long-term stability by forming surface alloys. Ag tends to nucleate
on the step sites of the Ni surface, leading to the formation of Ag islands [51]. However,
when heated above 800 K, the mobility of Ag can be increased, resulting in the complete
blockage of steps [49,51]. In addition to its role in inhibiting coke deposition, Ag also
accelerates the combustion of deposited coke. The promoting effect on coke gasification can
be attributed to the fact that Ag destabilizes the formed coke by inhibiting its nucleation and
growth, resulting in a reduced formation of graphitic or whisker carbons on Ag-promoted
Ni surfaces.

Experimental observations conducted by Vang et al. [49] indicate that Ag preferentially
occupies step sites on the Ni surface, leading to a reduced rate of C–C bond cleavage in
ethylene hydrogenesis. Subsequently, Parizotto et al. [50] demonstrated that Ag, similar to
gold (Au), effectively regulates coke formation on Ni/Al2O3 catalysts for methane steam
reforming. Similar findings have been reported for Ag-promoted Ni/YSZ catalysts used in
internal reforming for fuel cells, although gradual deactivation over time-on-stream has
been observed [52]. The promoting effect of Ag in Ni/MgAl2O4 catalysts has also been
explored by Jeong and Kang [53] for butane steam reforming and by Rovik et al. [54] for
ethane steam reforming. Zhu et al. [55,56] conducted Density Functional Theory (DFT)
calculations to gain insights into Ag’s role in dry reforming of methane, suggesting that Ag
can act as a promoter by inhibiting coke deposition.

According to Yu et al. [11], silver exhibited excellent stability of the catalyst, as it
hindered the formation and growth of coke in a whisker or graphitic form, while promoting
coke gasification on the catalyst surface. Indeed, nickel and silver are extensively employed
in heterogeneous catalysis due to their favorable catalytic properties. Combining nickel
and silver in a bimetallic catalyst, such as Ni-Ag, can offer advantages over monometallic
catalysts. In fact, the literature reports that combining two metals to form bimetallic
systems enhances catalytic performance, particularly in inhibiting carbon deposition during
hydrogen production by reforming [40]. Several effects are attributed to bimetallic systems:
(1) increased concentration of active sites; (2) electronic effects resulting from metal–metal
contact, leading to better tolerance to carbon formation; (3) a sacrificial role played by one
of the elements within the bimetallic system, allowing the second metal to remain available
and not poisoned [57–61].

Therefore, it is important to investigate the catalytic performance of Ni-Ag catalysts to
understand their impact on reaction kinetics.

The objective of this study was to develop an efficient catalyst for the dry reforming
of methane. To achieve this, Ni-Ag catalysts were synthesized using the coprecipitation
method, with the Ni/Ag ratio being systematically varied. The obtained compounds
were subjected to comprehensive analysis to evaluate their textural, structural and surface
properties through various techniques. The reactivity of the catalysts during the reduction
process was assessed using hydrogen temperature-programmed reduction for the fresh
catalysts, while X-ray diffraction was employed to analyze the reduced catalysts. Fur-
thermore, the catalytic performance of the catalysts in the dry reforming of methane was
thoroughly investigated.
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2. Results
2.1. Characterization of Fresh Catalysts
2.1.1. Thermal Study (TG-DSC-MS and XRD) of Precursors

The thermal stability of the various precursors was assessed using a combination of
techniques including thermogravimetry differential thermal analysis (TG-DSC) coupled
with mass spectrometry (MS) and X-ray diffraction (XRD) on compounds annealed at
various temperatures (600, 700, 1000 and 1200 ◦C). TG-DSC was carried out on fresh
catalysts in the temperature range from ambient to 1000 ◦C. The TG-DSC curves (Figure 1)
mainly exhibit three weight loss steps up to 600 ◦C. Peaks in heat flow were observed at
256 ◦C (endothermic phenomenon) and at 950 ◦C (unattributed heat flow peak) for the
2AN100 sample. Water and carbon dioxide are identified as the species responsible for
weight loss. Mass spectrometry analysis confirms the presence of water (m/z = 18) and
CO2 (m/z = 44). The first step corresponds to the removal of physisorbed water on the
material’s surface, while the second step involves the release of interlayer water and carbon
dioxide from the precursor’s structure. No additional weight loss or significant changes are
observed as the temperature continues to increase, suggesting that the material structure
has reached a state of relative stability.
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Figure 1. TG-DSC curves of 2NA100 precursors.

To analyze the structural changes in the materials with the temperature, various heat
treatments were performed. This approach enabled the assessment of the impact of calcina-
tion temperature on the phase composition. The samples were calcined at temperatures
of 600, 700, 1000 and 1200 ◦C (with a rate of 5 ◦C/min) under a constant airflow for 4 h
and then analyzed by XRD. The XRD patterns (Figure 2) obtained for these samples reveal
that whatever the annealing temperature, the main phases obtained after calcination are
metallic silver (PDF file number 89-3722) and nickel oxide (PDF file number 47-1049). The
catalyst’s composition remains stable after calcination at different high temperatures.

From TG-TDA-MS, no weight loss is observed above 600 ◦C. Apart from the peaks
corresponding to silver and nickel oxide, XRD analysis reveals that no other diffraction
peaks are observed even up to 1200 ◦C. These findings suggest that the catalyst’s composi-
tion remains stable at high temperatures. Considering that the DRM reaction occurs within
a temperature range of 600 to 850 ◦C, a calcination temperature of 600 ◦C has been selected
to preserve the structure and texture of the catalyst.
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2.1.2. Study of Stoichiometry of Fresh Catalysts (ICP-OES and EDX)

A study of the stoichiometry of fresh catalysts was conducted using ICP-OES and
EDX spectroscopies. The results obtained are summarized in Table 2. As expected, the
EDX analysis confirms the presence of silver (Ag) and nickel (Ni) elements. ICP-OES
spectroscopy showed that the measured amounts of all analyzed species are slightly lower
than the nominal ones used in the preparations (Table 2). The low amount of Ni species
in all cases can be interpreted by the low temperature of calcination (600 ◦C/4 h) or by
incomplete precipitation of Ni(OH)2 during preparation synthesis. In contrast, for all three
catalysts, the overall EDX analysis reveals a Ni/Ag mass ratio higher than the theoretical
value, indicating a relatively higher concentration of nickel in the upper layers of the
catalyst. Traces of sodium (Na) and silicon (Si) are detected by EDX in the 1NA600 and
1.5NA600 samples. Additionally, traces of aluminum (Al) and potassium (K) are only
observed in the 1.5NA600 sample. The presence of aluminum is attributed to the aluminum
sample holder used during the analysis. These impurities are typically present in small
amounts and may not be detectable by X-ray diffraction (XRD). In the case of the 2NA600
sample, no signal corresponding to Na-Si-K is observed in the EDX spectra, suggesting that
the analyzed regions are not contaminated by Na-Si-K.

Table 2. Composition, refined structural parameters and specific surface area of synthesized catalysts.

Catalyst B.E.T. XRD Data EDX ICP XPS

SSA
(m2/g)

Phase
Ratio Cs a (n m) Cs b (nm) Cs c (nm) a d (Å) Ni/Ag Ni/Ag Ni/Ag

1NA600 20 NiO (69)
Ag (31)

8.7 (6)
70 (4)

Ni: 12.6 (2)
Ag: 21.3 (2)
NiO: 3.2 (1)

Ni: 30 (1)
Ag: 20.8 (4)

4.177 (2)
4.0875 (5) 1.3 0.73 6.7

1.5NA600 3 NiO (71)
Ag (29)

12.6 (5)
6.5 (3)

Ni: 13.1 (1)
Ag: 12.7 (1)
NiO: 7.4 (1)

Ni: 39 (3)
Ag:21 (1)

4.177 (2)
4.092 (2) 1.9 0.96 6.5

2NA600 5 NiO (80)
Ag (20)

16.8 (4)
7.5 (3)

Ni: 15.1 (1)
Ag: 12.2 (1)
NiO: 7.6 (2)

Ni: 35 (2)
Ag: 16.3 (1)

4.1801 (7)
4.0917 (9) 3 1.51 6.6

a Crystallite size after calcination at 600 ◦C. b Crystallite size after reduction. c Crystallite size after the reaction.
d Cell parameter, between brackets is a mass phase (%).

2.1.3. Structural Characterization of Fresh Catalysts (XRD)

As already pointed out, the diffractograms of the three compositions of the fresh
catalysts (after heating at 600 ◦C) (Figure 2) show the presence of both NiO and Ag
materials, with peaks at 2θ = 37.24◦, 43.27◦, 62.87◦, 75.41◦ and 79.40◦ corresponding to the
(111), (200), (220), (311) and (222) planes of the cubic NiO phase (PDF 47-1049) [62], while
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peaks at 38.12◦, 44.307◦, 64.45◦ and 77.41◦ belong to the (111), (200), (220) and (311) planes
of metallic, cubic, Ag (PDF 89-3722). These results are in good agreement with the studies
conducted by [63–66]. As shown in Figure 2, XRD patterns of the prepared catalysts exhibit
similar diffractograms with slight differences. In order to obtain more information on the
relative proportions of the phases present in the catalyst, a refinement using the Rietveld
method was carried out on the three preparations annealed at 600 ◦C.

The Rietveld refinement was conducted using the JANA 2020 program to determine
the lattice parameters, the crystallite size (using the fundamental parameter approach)
and the relative amount of each crystalline phase. These parameters are given in Table 1,
and the results on the Ni/Ag = 1 are illustrated in Figure 3. The crystallite size of NiO
varies between 8.7 and 16.8 nm, indicating a difference among the samples. The results also
indicate that as the Ni/Ag ratio increases, the crystallite size of NiO also increases. For all
the catalysts, NiO is identified as the dominant phase, which aligns with the findings from
the EDX analysis. The lattice parameters (a) of detected phases NiO and Ag are similar
for all three catalysts. The relatively small crystallite size of NiO observed in the 1NA600
sample corresponds to its large surface area (20 m2/g, Table 2).
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2.1.4. Textural Characterization of Fresh Catalysts (BET, SEM and XPS)

The specific surface area of the catalyst powder was determined through the appli-
cation of the Brunauer–Emmett–Teller (B.E.T) method, which involves N2 adsorption–
desorption analysis, and the results are presented in Table 1. The morphology of the
synthesized materials was assessed using scanning electron microscopy. The data SBET
indicate a decrease in the specific surface area from 20 m2/g for the 1NA600 sample to
3 and 5 m2/g for the 2NA600 and 1.5NA600 samples, respectively. The results agree with
the results of the Rietveld refinement analysis. As the surface area increases, the dimen-
sions of the NiO crystallites decrease proportionally. This reduction in the BET surface
area corresponds to an increase in the Ni/Ag ratio. This observation is consistent with
the findings from the scanning electron microscopy (SEM) analysis and is supported by
reference [67].

SEM images of the catalysts are presented in Figure 4, revealing noticeable variations
in particle shapes. The contrast in the SEM image is due to the presence of both NiO
and Ag phases. For the 1NA600 sample, the micrograph in Figure 4a displays the surface
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composed of Ag and NiO nanoparticles aggregated to form clusters of different sizes
dispersed randomly. The formation of relatively larger spheres can be attributed to the
tendency of NiO nanoparticles, which are antiferromagnetic in nature, to aggregate [68].
Regarding the 1.5NA600 sample, SEM micrographs in Figure 4b demonstrate that the
powder consists of aggregates of nanoscale particles coexisting with larger-grain aggre-
gates. Pronounced differences in particle shapes can be observed, and agglomeration is
more prominent compared to the 1NA600 sample. For the 2NA600 sample, the surface
morphology of NiO exhibits the random growth of nanocubes with varying dimensions, as
shown in Figure 4c. Small and larger nanocubes are formed, consistent with Ajeet Singh’s
findings [69]. Figure 4c displays more agglomeration than the 1NA600 sample but less than
the 1.5NA600 sample. In summary, it is evident that the Ni loading significantly influences
the morphology of the catalysts.
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silver structure obtained by XRD. For nickel species, the binding energy of Ni(II) was 
found at close values of 854.9 eV for NiO accompanied with a shoulder at ~1.2 eV [71,72]. 
This perfectly confirms that Ni(II+) is from the NiO phase and not from another phase that 
can form during the synthesis containing Ni species (in accordance with XRD data). As 
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The surface chemical properties of the 1NA600, 1.5NA600 and 2NA600 catalysts after
calcination at 600 ◦C for 4 h under airflow were examined by XPS measurements. The bind-
ing energy for both species (Ag and Ni) does not vary practically (Figures 5 and 6), whatever
the content used during the synthesis. The decomposition of XPS spectra (Figures 5 and 6)
does not show any components, and the recorded binding energy values show clearly that
Ag and Ni are in a unique oxidation state (only 1 oxidation state for each species), thus
explaining the formation of the unique phases corresponding to each species (formation
of a single phase for each species) as observed by XRD analysis. The binding energies of
Ag 3d photopeaks are at 368.8 eV (1NA600), 368.7 eV (1.5NA600) and 368.5 eV(2NA600)
and those of Ni 2p3/2 are at 854 eV (1NA600), 854.1 eV (1.5NA600) and 853.7 eV (2NA600).
In the literature, the Ag 3d5/2 and Ag 3d3/2 core level binding energies appear at 368.1
and 374.1 eV, respectively, in good agreement with bulk silver metallic values [70]. In our
case, the metallic bulk binding energy values for the Ag 3d core levels were obtained as
expected. These results are in good agreement with the presence of fcc metallic silver struc-
ture obtained by XRD. For nickel species, the binding energy of Ni(II) was found at close
values of 854.9 eV for NiO accompanied with a shoulder at ~1.2 eV [71,72]. This perfectly
confirms that Ni(II+) is from the NiO phase and not from another phase that can form
during the synthesis containing Ni species (in accordance with XRD data). As observed by
EDX analysis, the Ni/Ag ratios (Table 2) were also higher for the three samples suggesting
that the surface of 1NA600, 1.5NA600 and 2NA600 samples was enriched by Ni(II) species.
This surface behavior is in good accordance with the large amounts of NiO phase estimated
by Rietveld Refinement (Table 2).
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2.1.5. Reducibility Studies of Fresh Catalysts (TPR and XRD after Reduction)

Reducibility studies were conducted using H2 temperature-programmed reduction
(TPR) of the fresh catalysts followed by X-ray diffraction (XRD) analysis for reduced
catalysts. These experiments aimed to investigate the influence of Ag on the reducibility
of Ni2+ ions in the catalysts. Figure 7 illustrates the hydrogen consumption as a function
of temperature for the different systems studied. For all three samples, a slight difference
in H2 consumption was observed (~5–9 mmol/g). The TPR curves of the three catalysts
exhibit also a similar pattern, showing two main peaks of hydrogen consumption between
100 and 400 ◦C. The first peak can be attributed to the reduction of nickel species located on
the surface, as species on the surface tend to be reduced at lower temperatures compared
to those in the volume. The second peak is related to the reduction of surface and/or
surface-bulk NiO, representing Ni-reduction mechanisms [73–76]. Previous literature
suggests that large NiO particles with lower interaction with other phases can be reduced
at low temperatures [77–79]. The peak at 350–500 ◦C can be attributed to the reduction
of NiO [80]. For the 1.5NA600 sample, a small peak observed at very high temperatures
(~1000 ◦C) may be associated with residual species that were not completely eliminated
during calcination [81,82]. This different behavior of 1.5NA by the appearance of a peak
at high temperature compared to the other two solids, in particular to 1NA600, could be
assigned to the reduction of sodium carbonates detected by EDX analysis as mentioned
above; this phenomenon is also observed in our previous works [83]. The TPR curves
indicate a two-step reduction of nickel, with the second peak showing higher intensity
compared to the first peak. As Ni/Ag content increases, especially for the 1NA600 and
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2NA600 samples, there is a slight shift towards higher temperatures in TPR peak positions,
as well as an increase in peak area. This suggests that the presence of silver lowers the
reduction temperature of nickel.
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Figure 7. H2-TPR profiles of fresh catalysts.

The catalysts were subjected to an in situ reduction at 400 ◦C for 1 h after being
mounted into the tubular reactor. XRD analyses were then performed on the reduced
catalysts. XRD patterns (Figure 8) displayed two or three distinct phases, depending on
the concentration. The different peaks were identified as metallic Ag (PDF 89-3722) with
peaks at 2θ = 38.12◦ (111), 44.307◦ (200), 64.45◦ (220) and 77.41◦ (311); metallic Ni (PDF
04-0850) with peaks at 2θ = 44.5◦ (111), 51.8◦ (200) and 76.4◦ (220) and NiO (PDF 47-1049)
with peaks at 2θ = 37.24◦ (111), 43.27◦(200), 62.87◦(220) and 75.41◦ (311) for both 1.5NA600
and 2NA600 samples. In the case of the 1NA600 sample, no NiO peaks were observed,
indicating that NiO had been completely reduced to metallic Ni during the reduction
process. Conversely, the presence of NiO peaks in the diffractogram of the 1.5NA600 and
2NA600 samples suggests that NiO was not fully reduced to Ni during the H2 treatment
probably due to the high concentration of nickel oxide present in the sample as observed
by EDX analysis (Table 2). The crystallite size of metallic species increases after reduction
(Table 2); this increase is very remarkable for the low ratio formulation (Ni/Ag = 1).
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2.2. Catalytic Performance in CO2 Reforming of Methane
2.2.1. The Catalytic Activity versus Temperature Test

The catalysts obtained after calcination at 600 ◦C were tested for DRM. We initially
established a standard reaction condition to evaluate the performance of the catalysts. In the
first series of experiments, the activities of the catalysts were tested at temperatures ranging
from 600 to 850 ◦C. Figures 9 and 10 illustrate the plots of activity, including CH4 and CO2
conversions, H2 selectivity and H2/CO ratio, as a function of temperature. The CH4 and
CO2 conversions exhibit similar trends for the three catalysts. The highest CH4 and CO2
conversions are achieved at 650 ◦C for 1NA600. Catalysts 1.5NA600 and 2NA600 exhibit
comparable conversion behaviors. CO2 activation initiates at 650 ◦C for catalyst 1NA600,
700 ◦C for 1.5NA600 and 750 ◦C for 2NA600. There is a variation in the H2/CO ratio among
the three catalysts. At 650 ◦C, the H2/CO ratio reaches its maximum value of 0.7 for 1NA600.
In contrast, 1.5NA600 and 2NA600 yield values of 0.1 and 0.4, respectively. Regarding
selectivity, 2NA600 demonstrates the highest selectivity. The maximum selectivity of 85%
is achieved at 600 ◦C for 2NA600. At 650 ◦C and 850 ◦C, the H2 selectivity reaches its
highest values of 71% and 73%, respectively, for 1NA600. The contribution of side reactions,
such as (i) CO + 3H2 → CH4 + H2O, (ii) CO2 + 4H2 → CH4 + 2H2O and/or (iii) RWGS
(CO2 + H2 ↔ CO + H2O), is probable and conducted mainly to lose the activity. The
participation of CO + 3H2 → CH4 + H2O and CO2 + 4H2 → CH4 + 2H2O reactions can be
excluded for thermodynamic reasons (∆G < 0 if T < 500 ◦C for both reactions, at 800 ◦C,
∆G(i)~+55.41Kj/mol and ∆G(ii)~+55.98Kj/mol). The contribution of RWGS reaction which
tends to reduce H2 production seems thus the most likely (∆G~0.5 Kj/mol), leading to a
reoxidation of the active sites (Ni◦) by H2O vapor formed during the catalytic test.
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The textural and structural properties of 1NA600 may explain its higher activity com-
pared to 1.5NA600 and 2NA600 catalysts. The higher surface area (20 m2/g vs. 3–5 m2/g)
and smaller crystallite size of NiO (Cs = 8.7 Å vs. 12.6–16.8 Å) in 1NA600 likely contribute
to the increased conversion of reactants. The reducibility patterns (Figure 7) observed for
2NA600 differ from those of 1NA600 and 1.5NA600, which could explain its higher selectiv-
ity. The unexpectedly low activity of 1.5NA600 and 2NA600 is quite surprising considering
the significant amount of Ni species used (Ni/Ag = 1.5 and 2), which plays a crucial role in
the DRM reaction. Above 750 ◦C, the curves of CH4 and CO2 conversion no longer exhibit
significant changes, indicating progressive deactivation of the catalysts, possibly due to
sintering [84]. According to previous literature [84–86], coke deposition is attributed to
metallic nickel particles. Effectively, catalysts may undergo significant modifications during
the reaction. Most probably, the NiO species are reduced to form metallic nickel, which
is then could be responsible for the high carbon deposition [84]. It is worth noting that
1NA600 and 2NA600 exhibit low carbon loss, while 1.5NA600 shows no loss. Despite the
reduction of NiO, the low carbon deposit observed may be attributed to the introduction of
Ag, which minimizes carbon deposition in DRM [11]. Additionally, the disappearance of the
active Ni-metallic phase is probably due to the formation of Ni-Ag alloy. Ni-Ag alloy was
not detected by XRD analysis (after the isothermal tests). Indeed, we cannot totally exclude
the possibility of Ni-Ag alloy formation for many reasons. Ni-Ag alloy could be present
in extremely low amounts or maybe well-dispersed, which makes it difficult to detect by
the XRD technique. Also, as suggested, Ni-Ag alloy cannot be detected probably due to its
amorphous phase.

Based on the research findings presented in references [49,51], it is evident that both
Ag and Ni exhibit a significant energetic driving force that favors the formation of a surface
alloy instead of a bulk alloy. Specifically, Ag tends to concentrate on the step sites, which
are specific crystal defects found on the material’s surface. Benrabaa et al. [85] suggest
that the stabilization of Ni metallic species in this alloy could prevent surface sintering
and, consequently, the formation of coke. In contrast, the absence of coke deposition in
1.5NA600 can be attributed to its low activity, which is further diminished by the presence
of impurities and its specific physicochemical characteristics. In conclusion, 1NA600
demonstrates the best catalytic activity indicating that a Ni/Ag ratio of 1 provides the
optimal performance among these formulations.

2.2.2. The Time-on-Stream Test

Afterwards, a series of 4 h time-on-stream tests were conducted at 650 ◦C to evaluate
the stability of the synthesized catalysts over time, as illustrated in Figures 11 and 12.
Isothermal tests were performed using a new catalyst sample heated to the reaction temper-
ature (650 ◦C) in inert gas and exposed to reactants for approximately 4 h under the same
reaction conditions. Among the catalysts, 1NA600 exhibited higher conversion compared to
1.5NA600 and 2NA600, but the conversion of reactants gradually decreased with time. On
the other hand, the conversion of reactants for 1.5NA600 and 2NA600 remained relatively
low and stable throughout the studied period (up to 240 min). The CH4 conversion was
similar for both 1.5NA600 and 2NA600 catalysts. The sample 1NA600 catalyst showed
signs of deactivation starting from the 12th minute, which could be attributed to sintering.
However, some residual activity was observed after 150 min. The isothermal reactivity test
at 650 ◦C is aligned with the results of the temperature rise test at the same temperature.

In contrast to the temperature rise test at 650 ◦C, which showed no conversion of
CO2, the isothermal reactivity test of 2NA600 revealed a low conversion of CO2 at the
50th minute. The H2/CO ratio for 1NA600 initially reached its maximum value of 0.5 but
gradually decreased and stabilized around 0.3 after the 100th minute. For 2NA600, after an
unexpected drop, the H2/CO ratio progressively increased, approaching the value of 0.6.
In the case of 1.5NA600, it reached its maximum value at the 30th minute and remained
stable. While the H2 selectivity tended to decrease with time for 1NA600, it started to
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increase again from the 130th minute. On the other hand, it continued to increase over time
for 2NA600 and 1.5NA600.
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It is worth noting that the CH4 conversion was higher than the CO2 conversion for the
1.5NA600 and 2NA600 catalysts, which could be attributed to the combustion of methane
given the low H2/CO. This combustion is linked to the reduction of the catalyst, which
releases oxygen responsible for the oxidation of methane. The results obtained at the 20 min
mark for the three catalysts are consistent with those obtained during the temperature rise
catalytic test at the temperature of 650 ◦C.

XRD (Figure 13) and Raman spectroscopy (Figure 14) analyses were conducted on the
catalysts after the isothermal tests. XRD reveals lines corresponding to the cubic structure
of silver (PDF 89-3722) with peaks at 2θ = 38.12◦ (111), 44.307◦ (200) and 64.45◦ (220) and
the metallic nickel phase (PDF 04-0850) with peaks at 2θ = 44.5◦ (111), 51.8◦ (200) and 76.4◦

(220). Furthermore, despite the prior sieving of the catalysts, characteristic peaks of SiC
are observed. Raman spectra show mainly the line of SiC at 760, 780 and 960 cm−1, with
no lines at 1500 cm−1 suggesting that there is no deposited carbon. The analyses after the
reaction indicate that deactivation might be due mainly to sintering phenomena. After the
reaction, a volcano change in crystallite size was observed (Table 2); the 1NA600 sample
shows the lowest crystallite size value of Ni metallic species (30 nm).
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3. Materials and Methods
3.1. Chemicals

Nickel (II) nitrate hexahydrate (Ni(NO3)2,6H2O, ≥97%, Rectapur), silver nitrate
(AgNO3, ≥98%, Alfa Aesar), sodium hydroxide (NaOH, ≥99%, AnalaR NORMAPUR)
and ethanol absolute (C2H5OH, ≥99.8%, AnalaR NORMAPUR) were used in catalysts
preparation. All reagents were analytical grade and used without any further purification.
Distilled water was used in the synthesis and washing processes.

3.2. Catalyst Preparation

Catalysts based on silver and nickel were synthesized using the coprecipitation method
by varying the molar ratio of Ni and Ag (Ni/Ag = 1, 1.5 and 2). The starting salts, silver
nitrate and nickel nitrate, are dissolved separately in distilled water. Then the two solutions
are mixed and placed under moderate stirring. The precipitating agent NaOH (2M) was
added drop by drop until the pH of the mixture reached the value of 10. The product
obtained was washed with distilled water and ethanol, dried at 100 ◦C, then ground and
calcined at 600 ◦C. The obtained powders are afterward denoted 1NA600, 1.5NA600 and
2NA600 in this manuscript.

3.3. Catalysts Characterization

Several physicochemical methods were used for the characterization of the catalysts
before and after heating treatment and also after catalytic tests.

Thermogravimetry differential thermal analysis (TG-DSC) was performed on a TA
instrument SDT Q600. The sample was heated at 5 ◦C/min from 25 to 1000 ◦C. The analyses
were carried out with a total flow rate of 100 mL/min (20% O2 in helium). The released
gases that evolved during the analysis were monitored by a Pfeiffer Omnistar mass spec-
trometer. X-ray powder diffraction (XRD) was performed using a Bruker AXS D8 Advance
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diffractometer working in Bragg–Brentano geometry using Cu Kα radiation (λ = 1.54 Å),
equipped with a LynxEye detector. Patterns were collected at room temperature, in the
2θ = 10–80◦ range, with a 0.02◦ step and 96s counting time per step. The EVA (version
6.1.0.4 Bruker AXS GmbH, Karlsruhe, Germany) software was used for phase identification,
and the unit cell parameters were optimized by Rietveld refinement using the Jana2020
crystallographic software. The elemental analysis was performed by inductively coupled
plasma-optic emission spectroscopy (ICP-OES) 720-ES ICP-OES (Agilent, Santa Clara, CA,
USA) with axially viewing and simultaneous CCD detection. The quantitative determi-
nation of metal content in the catalysts was based on the analysis of certificated standard
solutions. The ICP ExpertTM software (version 2.0.4) provides the concentration of metal
in samples allowing estimating the weight percentage of Ag and Ni. All the analyses were
performed 40 min after the spectrometer was turned on to achieve a stable plasma as well
as constant and reproducible sample introduction. The sample preparation was made by
dissolving 10 mg of dried and ground samples catalyst in concentrated 4 mL of HNO3. All
the sample solutions were heated to 80 ◦C in a sonicator for 2 h. Then, the solution was
diluted up to 20 mL with ultrapure water before being analyzed by ICP-OES. The surface
areas were calculated from N2 adsorption–desorption isotherms measured on a FlowSorb
III Micromeritics (Norcross, GA, USA) analyzer by Brunauer–Emmett–Teller (B.E.T). The
morphology of catalysts was examined by scanning electron microscopy (SEM) (S-3400N,
Hitachi, Tokyo, Japan). The energy-dispersive X-ray spectra (EDX) (Thermo, Waltham,
MA, USA) SCIENTIFIC UltraDry) of samples were also acquired during their conventional
scanning electron microscopic investigations. X-ray photoelectron spectroscopy (XPS) was
carried out on Escalab 220 XL (Vacuum Generators, Seoul, Republic of Korea) spectrometer.
A monochromatic Al Kα X-ray source was used, and electron energies were measured in
the constant analyzer energy mode. The pass energy was 100 eV for the survey of spectra
and 40 eV for the single-element spectra. All XPS binding energies were referred to C1s
core level at 285 eV. The angle between the incident X-rays and the analyzer was 58◦,
with photoelectrons being collected perpendicularly to the sample surface. Spectra were
analyzed with the CasaXPS software (version 2.3.25). The reducible species that existed in
the catalysts were profiled by temperature-programmed reduction. Hydrogen temperature-
programmed reduction (H2-TPR) was measured on a Micromeritics AutoChem II 2920
apparatus with a thermal conductivity detector (TCD) to monitor the H2 consumption.
After calibration of H2 on the TCD, samples were sealed in a U-shaped quartz tube reactor
and pre-treated in an argon atmosphere to remove surface impurities. Then, the tempera-
ture was raised from 25 to 1000 ◦C at 5 ◦C/min in a stream of 5% v/v H2/ Ar. Laser-Raman
spectra were recorded from 200 to 1500 cm−1 at room temperature using an FT-Raman spec-
trometer (Dilor XY Raman, Horiba France, Palaiseau, France) at an excitation wavelength
of 647.1 nm, laser power of 3 mW and spectral resolution of 0.5 cm−1.

3.4. Catalytic Reforming Experiments

The catalytic performance test was conducted under atmospheric pressure in a fixed-
bed quartz flow reactor, which was placed inside a programmable oven. Prior to loading into
the reactor, the catalyst (200 mg) was thoroughly mixed with silicon carbide (SiC) powder
(1000 mg). A mixture of methane, carbon dioxide and argon (CH4:CO2:Ar = 20:20:60) with a
total flow of 100 mL/min was introduced into the reactor, and the reaction was initiated by
gradually increasing the temperature from room temperature up to 850 ◦C at a heating rate
of 5 ◦C/min. Online mass spectrometry (OmniStar, Pfeiffer Vacuum, Asslar, Germany) was
used to analyze all effluents during the reaction.

In the initial phase of the experiment, the catalysts were tested for their activities at
temperatures ranging from 600 to 850 ◦C. Subsequently, isothermal reactivity tests were
performed using a fresh sample of the catalyst heated to a reaction temperature of 650 ◦C.
The samples were exposed to the same reaction conditions for approximately 4 h. After the
evaluation through isothermal tests, each catalyst was characterized using XRD analysis.
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4. Conclusions

In summary, the findings from this study on CO2 reforming of methane lead to several
significant conclusions. Firstly, the catalysts exhibited relative stability in composition
and structure at high calcination temperatures. XRD analysis confirmed the presence of
metallic silver and nickel oxide as the main phases in the catalysts after calcination at
different temperatures. EDX analysis further detected the presence of Ag and Ni elements,
with a higher concentration of nickel observed in the upper layers of the catalysts. The
morphological and surface properties of the catalysts were also investigated. BET analysis
revealed a decrease in specific surface area with an increase in the Ni/Ag ratio, indicating
the agglomeration of silver particles on the catalyst surface. SEM images showed variations
in particle shapes and agglomeration patterns influenced by the loading of nickel in the
catalysts. Regarding catalytic performance, catalyst 1NA600 demonstrated the highest
activity, with the highest CH4, CO2 conversions and H2/CO ratio achieved at 650 ◦C.
2NA600 catalyst exhibited the highest selectivity, reaching a maximum of 85% at 600 ◦C.
1NA600 catalyst showed higher activity attributed to its higher specific surface area and
smaller crystallite size of NiO. Both 1NA600 and 2NA600 demonstrated low carbon loss,
while 1.5NA600 showed no loss. This study opens the path for further investigation
through adequate process conditions (e.g., by adding another metal) in order to slow the
reduction of the material or through further investigation of material design and synthesis
to better stabilize the active species.
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